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Abstract
In this thesis, a three-dimensional multiple-input-multiple-output (MIMO) antenna is
designed for wireless applications. The MIMO consists of three antennas arranged
around a triangular prismatic polystyrene foam that acts as a supporting block to form
a tetrahedral configuration. This system has the capability of achieving multipath
propagation; it also has the potential to improve the quality and reliability of radio
signals, improve the channel capacity, and increase the communication speed and data
rate. A circular microstrip patch antenna with regular spikes was designed based on
the Superformula- a generic formula that describes naturally occurring shapes with six
parameters. Afterward, bandwidth enhancement techniques were used to improve its
performance over the ultra-wideband (UWB) frequency range. The antenna was then
simulated, fabricated, and tested to ensure its performance conforms with the UWB
requirements. Subsequently, three similar antennas were configured around a
triangular prismatic polystyrene foam to realize the MIMO, and mutual coupling
reduction was incorporated. The system was simulated, fabricated, and tested. For a
unit antenna, the simulated and measured |S11(dB)| is greater than 10dB across the FCC
band, the antenna shows an acceptable gain, efficiency, group delay, and radiation
characteristic fulfilling the UWB requirements. The MIMO has a simulated |reflection
coefficients(dB)| greater than 10dB in the entire FCC band, the inter-element isolation
is greater than |15dB|, the CCL, ECC, MEG, diversity gain and TARC are acceptable
for MIMO application.
Our design of a miniaturized UWB circular patch antenna, a compact threedimensional MIMO with the least possible number of antennas for full 3D beam
coverage that is 360 degrees in both the azimuth and the elevation, and the
implementation of microstrip isolation and bandwidth enhancement techniques to
boost the overall performance of the MIMO system are improvements to the state-ofthe-art in antenna system design for wireless applications.

Keywords: Channel capacity loss (CCL), envelope correlation coefficient (ECC),
federal communications commission (FCC), mean effective gain (MEG), multiple-
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input-multiple-output (MIMO), Supershape, Superformula, total active reflection
coefficient (TARC), ultra-wideband (UWB).
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)Title and Abstract (in Arabic

ﺗﺻﻣﯾم ﺛﻼﺛﻲ اﻷﺑﻌﺎد ﻟﻧظﺎم  MIMOﯾﻌﺗﻣد ﻋﻠﻰ ھواﺋﻲ Supershape
اﻟﻤﻠﺨﺺ

ﻓﻲ ھﺬه اﻷطﺮوﺣﺔ ،ﺗﻢ ﺗﺼﻤﯿﻢ ھﻮاﺋﻲ ﺛﻼﺛﻲ اﻷﺑﻌﺎد ﻣﺘﻌﺪد اﻟﻤﺪﺧﻼت و اﻟﻣﺧرﺟﺎت )(MIMO
ﻟﻠﺘﻄﺒﯿﻘﺎت اﻟﻼﺳﻠﻜﯿﺔ .ﯾﺘﻜﻮن  MIMOﻣﻦ ﺛﻼﺛﺔ ھﻮاﺋﯿﺎت ﻣﺮﺗﺒﺔ ﺣﻮل رﻏﻮة اﻟﺒﻮﻟﯿﺴﺘﺮﯾﻦ اﻟﻤﻨﺸﻮرﯾﺔ
اﻟﻤﺜﻠﺜﺔ اﻟﺘﻲ ﺗﻌﻤﻞ ﻛﻜﺘﻠﺔ داﻋﻤﺔ ﻟﺘﺸﻜﯿﻞ ﺗﻜﻮﯾﻦ رﺑﺎﻋﻲ اﻟﺴﻄﻮح .ھﺬا اﻟﻨﻈﺎم ﻟﺪﯾﮫ اﻟﻘﺪرة ﻋﻠﻰ ﺗﺤﻘﯿﻖ
اﻧﺗﺷﺎر ﻣﺗﻌدد اﻟﻣﺳﺎرات؛ ﻛﻤﺎ أن ﻟﺪﯾﮫ اﻟﻘﺪرة ﻋﻠﻰ ﺗﺤﺴﯿﻦ ﺟﻮدة وﻣﻮﺛﻮﻗﯿﺔ اﻹﺷﺎرات اﻟﻼﺳﻠﻜﯿﺔ،
وﺗﺤﺴﯿﻦ ﻗﺪرة اﻟﻘﻨﺎة ،وزﯾﺎدة ﺳﺮﻋﺔ اﻻﺗﺼﺎل وﻣﻌﺪل اﻟﺒﯿﺎﻧﺎت .ﺗﻢ ﺗﺼﻤﯿﻢ ھﻮاﺋﻲ داﺋﺮي
 microstrip patchﻣﻊ ﻣﺴﺎﻣﯿﺮ ﻣﻨﺘﻈﻤﺔ ﺑﻨﺎ ًء ﻋﻠﻰ اﻟﺼﯿﻐﺔ اﻟﻔﺎﺋﻘﺔ – وھﻲ ﺻﯿﻐﺔ ﻋﺎﻣﺔ ﻣﻊ ﺳﺘﺔ
ﻣﻌﻠﻤﺎت ﺗﺼﻒ اﻷﺷﻜﺎل اﻟﺘﻲ ﺗﺤﺪث ﺑﺸﻜﻞ طﺒﯿﻌﻲ .ﺑﻌﺪ ذﻟﻚ ،ﺗﻢ اﺳﺘﺨﺪام اﻟﻌﺪﯾﺪ ﻣﻦ ﺗﻘﻨﯿﺎت ﺗﺤﺴﯿﻦ
ﻋﺮض اﻟﻨﻄﺎق ﻟﺘﺤﺴﯿﻦ أداﺋﮭﺎ ﻋﺒﺮ ﻣﺪى ﺗﺮدد  . UWBﺛﻢ ﺗﻤﺖ ﻣﺤﺎﻛﺎة اﻟﮭﻮاﺋﻲ وﺗﺼﻨﯿﻌﮫ واﺧﺘﺒﺎره
ﻟﻠﺘﺄﻛﺪ ﻣﻦ أن أداﺋﮫ ﻣﺜﻞ ﻋﺮض ﻧﻄﺎق اﻟﻤﻘﺎوﻣﺔ واﻟﻜﺴﺐ واﻟﻜﻔﺎءة وﺧﺼﺎﺋﺺ اﻹﺷﻌﺎع وﻣﺎ إﻟﻰ ذﻟﻚ
ﯾﺘﻮاﻓﻖ ﻣﻊ ﻣﺘﻄﻠﺒﺎت اﻟﻨﻄﺎق اﻟﻌﺮﯾﺾ ﻟﻠﻐﺎﯾﺔ .ﺑﻌﺪ ذﻟﻚ ،ﺗﻢ ﺗﻜﻮﯾﻦ ﺛﻼﺛﺔ ھﻮاﺋﯿﺎت ﻣﻤﺎﺛﻠﺔ ﺣﻮل رﻏﻮة
ﺑﻮﻟﯿﺴﺘﺮﯾﻦ ﻣﻮﺷﻮرﯾﺔ ﺛﻼﺛﯿﺔ ﻟﺘﺤﻘﯿﻖ  MIMOوﺗﻢ دﻣﺞ ﺗﻘﻠﯿﻞ اﻻﻗﺘﺮان اﻟﻤﺘﺒﺎدل .ﺗﻤﺖ ﻣﺤﺎﻛﺎة اﻟﻨﻈﺎم
وﺗﺼﻨﯿﻌﮫ واﺧﺘﺒﺎره ﻟﻠﺘﺄﻛﺪ ﻣﻦ أﻧﮫ ﻣﻨﺎﺳﺐ ﻟﺘﻄﺒﯿﻖ  MIMO.ﺑﺎﻟﻨﺴﺒﺔ ﻟﮭﻮاﺋﻲ اﻟﻮﺣﺪة ،و ﺗﻣت ﻣﺣﺎﻛﺎة
و ﻗﯾﺎس |) S11دﯾﺴﯿﺒﻞ( | و وﺟد أﻧﮫ أﻛﺑر ﻣﻦ  dB 10ﻋﺒﺮ ﻧﻄﺎق  ،FCCﯾُﻈﮭﺮ اﻟﮭﻮاﺋﻲ ﻛﺴﺒًﺎ
ً
وﺗﺄﺧﯿﺮا ﻟﻠﻤﺠﻤﻮﻋﺔ وﺧﺼﺎﺋﺺ إﺷﻌﺎع ﺗﻠﺒﻲ ﻣﺘﻄﻠﺒﺎت  UWB.ﯾﺤﺘﻮي MIMO
ﻣﻘﺒﻮﻻ وﻛﻔﺎءة
ً
ﻋﻠﻰ ﻣﻌﺎﻣﻼت اﻻﻧﻌﻜﺎس اﻟﻤﺤﺎﻛﯿﺔ )دﯾﺴﯿﺒﻞ( | أﻛﺒﺮ ﻣﻦ  10دﯾﺴﯿﺒﻞ ﻓﻲ ﻧﻄﺎق  FCCﺑﺄﻛﻤﻠﮫ ،ﺗﻜﻮن
اﻟﻌﺰﻟﺔ ﺑﯿﻦ اﻟﻌﻨﺎﺻﺮ أﻛﺒﺮ ﻣﻦ | ECC ،CCL،|15dBو  MEGوﻛﺴﺐ اﻟﺘﻨﻮع و TARC
ﻣﻘﺒﻮﻟﺔ ﻟﺘﻄﺒﯿﻖ .MIMO
إن ﺗﺼﻤﯿﻤﻨﺎ ﻟﮭﻮاﺋﻲ اﻟﺘﺼﺤﯿﺢ اﻟﺪاﺋﺮي  UWBاﻟﻤﺼﻐﺮ ،وھﻮ  MIMOﺛﻼﺛﻲ اﻷﺑﻌﺎد ﻣﻊ أﻗﻞ ﻋﺪد
ﻣﻤﻜﻦ ﻣﻦ اﻟﮭﻮاﺋﯿﺎت ﻟﺘﻐﻄﯿﺔ اﻟﺤﺰﻣﺔ ﺛﻼﺛﯿﺔ اﻷﺑﻌﺎد اﻟﻜﺎﻣﻠﺔ اﻟﺘﻲ ﺗﺒﻠﻎ  360درﺟﺔ ﻓﻲ ﻛﻞ ﻣﻦ اﻟﺴﻤﺖ
واﻻرﺗﻔﺎع  ،وﺗﻨﻔﯿﺬ ﺗﻘﻨﯿﺎت ﻋﺰل  microstripوﺗﻌﺰﯾﺰ ﻋﺮض اﻟﻨﻄﺎق اﻟﺘﺮددي ﻟﺘﻌﺰﯾﺰ اﻷداء اﻟﻌﺎم
ﻟﻨﻈﺎم  MIMOھﻲ ﺗﺤﺴﯿﻨﺎت ﻋﻠﻰ أﺣﺪث طﺮاز ﻓﻲ ﺗﺼﻤﯿﻢ ﻧﻈﺎم اﻟﮭﻮاﺋﻲ ﻟﻠﺘﻄﺒﯿﻘﺎت اﻟﻼﺳﻠﻜﯿﺔ.
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ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :ﻓﻘدان ﻗدرة اﻟﻘﻧﺎة ) ،(CCLاﻟﻣﻐﻠف ﻣﻌﺎﻣل اﻻرﺗﺑﺎط ) ،(ECCﻟﺟﻧﺔ
اﻻﺗﺻﺎﻻت اﻻﺗﺣﺎدﯾﺔ ) ،(FCCﯾﻌﻧﻲ ﻣﻛﺎﺳب ﻓﻌﺎﻟﺔ ) ،(MEGﻣﺪﺧﻼت ﻣﺘﻌﺪدة و ﻣﺨﺮﺟﺎت
ﻣﺘﻌﺪدة ) ،(MIMOﻓﺎﺋﻘﺔ اﻟﺷﻛل ،اﻟﺻﯾﻐﺔ اﻟﻔﺎﺋﻘﺔ ،إﺟﻣﺎﻟﻲ ﻣﻌﺎﻣل اﻻﻧﻌﻛﺎس اﻟﻧﺷط )،(TARC
ﻧﻄﺎق ﻋﺮﯾﺾ ﺟﺪا ).(UWB
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Chapter 1: Introduction
1.1 Overview of MIMO Antenna Systems
In wireless communication systems, electromagnetic (EM) signals scatter, bounce,
reflect, diffract, and bend around obstacles as it propagates through the channel, this
results in the radio signals reaching the receiver in many routes [1]. This phenomenon
is referred to as multipath propagation. Figure 1 illustrates a multipath scenario.
Multipath propagation causes multipath interference which could be constructive
interferences and, in most cases, destructive interferences leading to multipath fading
effect: a scenario during which radio signals become very feeble in certain locations
within the area of coverage.

Figure 1: MIMO System in a Multi-Path Environment
Multiple-input-multiple-output (MIMO) is a technique whereby multiple antenna are
utilized for sending and receiving multiple independent signals concurrently over the
same channel in a predominately scattering environment [2]. This technique takes the
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advantage of the multipath propagation phenomenon where multiple radio signals are
transmitted and received. This results in a scenario whereby multiple instances of the
same signal propagate through the channel and likewise multiple receive antennas are
also utilized to receive the multiple versions of the signals.

Figure 2: MIMO System Architecture
Multiple antenna systems can be classified based on the principle of sending and
receiving more than one signal as the SIMO (Single-Input-Multiple-Output), the
MISO (Multiple-Input-Single-Output), and the MIMO systems. In the SIMO system,
multiple receiving antenna elements are used to minimize errors and optimize data
while a single antenna is used to transmit signals, whereas, in MISO systems, multiple
antennas are used as the transmitters while a single antenna is used as the receiver [3].
Both SIMO and MISO systems are degenerate topologies and are inferior in
performance to the MIMO technology. Figure 2 and Figure 3 represent the
architectures of multiple antenna systems.

3

(a)

(b)

Figure 3: The (a) MISO and (b) SIMO Antenna Systems
When multiple antennas are used to transmit the same signal, diversity gain is
achieved. Also, when multiple antennas are used to receive a different instance of the
same signal, the path loss is minimized which will, in turn, improve the signal to noise
ratio (SNR) after processing of the individual signal.
1.1.1 Parameters for a UWB-MIMO Antenna
The performance of a MIMO system design is evaluated by some parameters, some of
which are stated below [4].
I.

Total Active Reflection Coefficient (TARC)
The total active reflection coefficient is a parameter that describes the
efficiency and bandwidth of a MIMO antenna. It is calculated as the ratio of
the square root of the total active reflected power to the square root of the total
incident power. It is obtained from all the s parameters as stated below.

𝑟

𝑡

2
√∑𝑁
𝑖=1 |𝑏𝑖 |
𝑎

=

(1)
2
√∑𝑁
𝑖=1 |𝑎𝑖 |

Where 𝑎𝑖 and 𝑏𝑖 are incident and reflected signals respectively.
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II.

Isolation
Isolation can be defined as the degree to which antennas operating together in a
system are unlinked or detached in terms of electromagnetic waves or
electromagnetic energy. Coupling and isolation can be used interchangeably to
describe the connection between antenna operating together in a system. Coupling
on the other hand is the measure of how antennas are linked together in terms of
electromagnetic energy. For MIMO applications, the value of isolation should be
greater than |15dB| over the desired frequency band. The higher the isolation
between antenna elements the lower the coupling. Considering a two-antenna
system having ports 1 and 2 respectively, the isolation between ports 1 and 2 can
be expressed mathematically as
𝐼𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 = −10𝑙𝑜𝑔10 |𝑆21 |2

(2)

Where S21 is the amount of power transferred from port 1 to port 2.
III.

The envelope correlation coefficient (ECC)
The ECC is the extent to which the radiation pattern of an antenna influences
a neighboring antenna in a MIMO system. ECC can be evaluated from the
radiation pattern as well as the s parameters. From the radiation patterns of two
antennas, ECC can be expressed as.
0

𝐸𝐶𝐶 =

| ∫ ∫4𝜋⟦𝐹1(𝜃, 𝜑) ∗ 𝐹2(𝜃, 𝜑)𝑑Ω⟧ |2
2
0
0
∬4Π ||𝐹1(𝜃, 𝜑)|𝑑Ω ∬4𝜋 |𝐹2(𝜃, 𝜑)|| 𝑑Ω

(3)

Ω is the solid angle. When the ith port is excited, the 3D field radiation pattern
of the antenna is given by 𝐹(𝜃, 𝜑). From the S parameters, the ECC can be
expressed by the following formula.
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𝑆 ∗ 𝑖𝑖 + 𝑆 ∗𝑗𝑖 𝑆𝑗𝑗
𝐸𝐶𝐶 = |
|
2
(1 − |𝑆𝑖𝑖 |2 − |𝑆𝑗𝑖 |2 )(1 − |𝑆𝑗𝑗 | − |𝑆𝑖𝑗 |2 )

(4)

For a proper functioning of a MIMO and a good diversity condition, the
maximum value for ECC should 0.5.
IV.

The Mean Effective Gain (MEG)
The mean effective gain (MEG) is the parameter of a MIMO that portrays its
performance in a multipath environment by measuring the ability to receive or
transmit electromagnetic signals in such an environment. It can be represented
mathematically as the ratio of the mean received power to the mean incident
power as described in the equation below.
𝑋𝑃𝐷
1
𝑃𝜃 (Ω)𝐺𝜃 (Ω) +
𝑃 (Ω)𝐺𝜐 (Ω)𝑑Ω
1 + 𝑋𝑃𝐷
1 + 𝑋𝑃𝐷 𝜐

𝑀𝐸𝐺 = ∮[

(5)

XPD in the equation above is the cross-polarization discrimination of the
incident field (ratio between the vertical and horizontal power densities), 𝜌𝜃
and 𝜌𝜐 are the θ and ν components of the probability distribution functions of
the incoming wave, respectively. The ideal MEG value for a 100% efficient
antenna system is 3dB.
V.

Antenna Diversity Gain.
Diversity gain is the measure of the increase in signal to noise ratio (SNR) as
a result of utilizing the diversity scheme. It measures the amount of
transmission power that can be reduced due to the use of multiple antennas.
This is accomplished when multiple versions of the transmitted streams are
received through different channel paths. It is measured in decibels and can be
evaluated as the difference between the time-averaged SNR of the combined
signal and that of a single antenna above a certain reference level
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𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝐺𝑎𝑖𝑛 = ⟦

Υ𝑐
Υ1
−
⟧
𝑆𝑁𝑅𝑐 𝑆𝑁𝑅

(6)

Diversity gain can also be calculated from the correlation coefficient as given
below.
𝐷𝑖𝑣𝑠𝑒𝑟𝑖𝑡𝑦 𝐺𝑎𝑖𝑛(𝐷𝐺) = 10√(1 − |𝐸𝐶𝐶|2 )

(7)

The other parameters of MIMO are the system capacity, branch ratio etc.
1.1.2 Classification of MIMO in term of Spatial Configurations
In terms of spatial configuration, a MIMO system can be classified as planar
MIMO and three-dimensional MIMO. In planar MIMO, the radiating elements
are arranged on a flat surface. For a non-planar or three-dimensional MIMO
configuration, the antennas are organized to form a three-dimensional
structure. The most significant advantages of using the three-dimensional
configuration are the compactness as well as three-dimensional coverage of the
radiation.
1.2 Current Challenges in Three-Dimensional MIMO Design
Like any evolving field in engineering technology, MIMO system design possesses
some challenges which are enumerated below.
1.2.1 Compactness
In any engineering application, there is always the desire to have compact and portable
devices. As a result, a three-dimensional antenna system design also demands the
compaction of the high-performing multiple antenna system so that they can be fixed
in compact devices and sophisticated user equipment without comprising their
performance [5]. Consequently, one of the prevailing problems with the three-
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dimensional antenna system design is the proximate placement of the antenna
elements. The close placement of antennas results in mutual interferences among the
respective antennas as well as mitigation in the performance of the overall system.
1.2.2 Coupling Between Closely Placed Antennas
For conformity with modern portable devices, it’s desired to have multiple antennas
closely placed to each other. As a result, there’s a high degree of mutual coupling
between the closely placed antenna. One of the major difficulties in the design of
MIMO is to minimize the mutual coupling among the antennas. Mutual coupling can
be defined as the electromagnetic interaction between antenna elements in a system
[6]. This results in a scenario whereby the current developed in each antenna element
is dependent on their excitation and also the contribution from neighboring antennas.
This can be visualized by considering the radiated energy from an antenna operating
in a system of multiple antennas placed close to each other. The radiated energy from
an antenna is absorbed by other antennas around it, and vice-versa as shown in Figure
4 assuming the antennas operate in a transmit mode. Setting aside the loss of energy
that could have radiated away from the system, the interference of neighboring
antennas mitigates the performance of the individual antennas as well as the system
vigorously. Therefore, mutual coupling reduces the antenna efficiency and
performance as well as the overall antenna system performance. It is therefore
imperative to technically separate or decouple the individual antenna.
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Figure 4: The Coupling Between Proximate Antennas
1.3 Factors Responsible for Coupling Between Antennas
To understand how to decouple closely spaced antennas, it is important to understand
the mechanisms and factors responsible for coupling. Some of the factors responsible
for coupling include [4]
I.

Polarization. Polarization can be defined as the path traced by the electric field
vector in the Fairfield of the antenna as a function of time. An antenna can be
linearly, circularly, or elliptically polarized. Considering linearly polarized
antennas, for instance, if they are positioned such that the polarization of the
radiated field from the individual antenna is orthogonal. The interaction
between the radiation of the antennas will be minimum as a result, the
coupling between the antenna will be minimum. Placing an antenna in such a
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way that the polarization of the antennas is orthogonal or close to right-angle
to each other therefore improves isolation.
II.

Antenna size. For a linearly polarized antenna that is positioned such that the
polarization of the radiated field is parallel or oblique, to attain certain
performance characteristics such as bandwidth and efficiency, there is a limit
on the size of the antenna for a certain frequency of application which is set
by the Chu-Harrington limit. If the polarizations are orthogonal, however, size
does not affect the performance of the antenna.

III.

The separation between antennas and power patterns. For a widely separated
system of antennas, the coupling between the elements can be evaluated as
𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = 𝐿 + 𝐺1(𝑑𝐵) + 𝐺2(𝑑𝐵)

(8)

G1 and G2 are the gain of the antenna facing each other and L is given as
L = 32.4 + 20log10f (MHz) + 20log10D (KM)

(9)

L is the path loss between the antennas. Therefore, if two antennas are placed
close to each other there will be coupling due to the reactive nearfield of the
antenna.
IV.

Other issues responsible for coupling. Another important factor responsible
for coupling is the ground plane. This is a result of a phenomenon called
surface wave excitation which is very common in monopole antennas that are
extensively used in ultra-wideband applications. When such antennas are
excited from the ground plane, current is developed in the ground plane.
Surface waves or ground plane current as well as the size of the reactive near
field which increases when a large portion of the ground plane is used for
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radiation increases coupling [7]. Therefore, an efficient way of minimizing
this effect needs to be adopted in such cases.
1.4 Decoupling of Closely Placed Antennas
Decoupling is necessary in MIMO system design because of the close positioning of
antennas, which in turn increases the coupling in the MIMO system. It is therefore
necessary to reduce the mutual coupling between them or make the antenna elements
decorrelated or decoupled. High coupling has a detrimental effect on channel capacity
and error rate. The term isolation or decoupling is used to describe the technique by
which closely placed antenna working simultaneously in a system are made to perform
with minimum interference among themselves to improve the overall performance of
the system and retain the performance of the individual antenna. In the digital context,
several coding and algorithm exists to reduce coupling by considering the radiation
pattern, impedance matrix and beam coupling [2]. However, the simpler approach for
mutual coupling reduction or isolation enhancement is the deployment of microstrip
techniques such as decoupling network, neutralization line, parasitic elements,
polarization diversity, metamaterials, defected ground structures, and others.
1.5 Research Motivation
The utilization of the multipath propagation in MIMO systems has several benefits.
This technology improves the quality and reliability of radio signals, consequently
reducing fading and deterioration by using multiple antennas to transmit and receive
radio communications.
Another important merit of using MIMO systems is the large channel capacity. For
example, the Shannon channel capacity which measures the relationship between the
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signal-to-noise ratio and multipath spatial characteristic represents the quality of the
channel. For a single antenna system, the Shannon principle can be expressed as
C = BWlog 2 (1 + SNR)

(10)

Where C is the channel capacity in bits per second, BW is the bandwidth in Hertz, and
SNR is the signal to noise ratio.
From the equation, an increase in the bandwidth increases the channel capacity.
Though the common practice to achieve a high data rate is to increase the signal
bandwidth.
Sadly, the increase in bandwidth broadens the chances of fading. An alternative to
broadband communication is the utilization of a series of overlapping narrow bands
but this also has significant fading [8]. In a MIMO system, however, MIMO
communications channels provide an interesting solution to the multipath challenge
by creating multiple signal paths. In effect, MIMO systems use a combination of
multiple antennas and multiple signal paths to improve the communication channel.
Considering an N element MIMO system, the Shannon equation can be expressed as
Capacity = NBWlog 2 (1 + SNR)

(11)

From equation 11, by using an N element MIMO the channel capacity can be increased
by a factor of N.
Figure 5 shows the relationship between channel capacity for MIMO, SISO, MISO,
and SIMO systems.

12

Figure 5: The Plot of Channel Capacity for Antenna Systems (reproduced with
permission from [9])
Besides, as the number of users of wireless communication is expanding and the
number of applications increases, there is a corresponding demand for large data rate
usage. In 2018 for example, WLAN offers rates up to 54 Mb/s with an imminent desire
to achieve up to 600 Mb/s subsequently. Home audio or video network applications,
high-speed-high-definition television (HDTV), audio or video streams are other
examples of forthcoming WLAN which would require up to 1 Gb/s as well as other
similar applications requiring data rates that could only be attained with the
combination of advanced technologies like UWB with MIMO. Figure 6 indicates the
progression in the data rate requirement. As recommended in the IEEE 802.11n, for
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data rates more than 50Mb/s, MIMO and Orthogonal frequency-division multiplexing
(OFDM) technologies need to be deployed [4]. The main objective of this research is
to design an ultra-wideband, three-dimensional, multiple-input-multiple-output
antenna system which has the potential based on principle to solve the current issues
with modern wireless demand.

Figure 6: The Trend in Data Rate Requirement for Wireless Applications.
(reproduced with permission from [10])
1.6 Significance of Study and Research Objectives
The demand for high data rates, improved signal quality, and channel bandwidth is
always the primary area of concern in modern wireless communication systems. All
modern wireless communication system applications are rapidly shifting towards
multiple-input multiple-output (MIMO) systems, increasing the demand for the
integration of multiple antennas in the user’s equipment. The development of MIMO
antennas and its performance evaluation for portable wireless communication
terminals have attracted many researchers to concert effort towards designing antenna
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systems with an improved channel capacity, bandwidth, gain, and a reduced coupling
between the elements.
1.7 Organization of the Thesis
The subsequent parts of the thesis will be as follows:
In chapter two, the current methods adopted for the design of three-dimensional
MIMO will be discussed. This includes the recent designs of UWB antennas used for
MIMO applications. Also, the diversity techniques used for MIMO configuration will
be mentioned. This will then be followed by a summary of three-dimensional
combination schemes for MIMO systems. Then the isolation enhancement techniques
for MIMO antenna will also be discussed. And lastly, a discussion on the major
advantages of three-dimensional MIMO for wireless applications will be mentioned.
Chapter three summarizes the methodology of research: the design of a single UWB
antenna, it’s performance characterization. Chapter four is a continuation of the
methodology of research: the three-dimensional tetrahedral design of the MIMO
system, and the descriptions of its performance.
Chapter five is the concluding chapter with recommendations for future work.
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Chapter 2: Three Dimensional MIMO Antenna Systems
2.1 Three Dimensional MIMO Systems
The current standard in a base station is the use of many antennas, which increases the
channel capacity to meet the demand of an immense amount of data by the users [11].
Multiple-input-multiple-output performances such as beamforming, multiplexing,
diversity, and the coordination of interference are also promoted with the use of many
antennas.
Multiple antenna systems are formed in both 2D and 3D configurations. However, in
the real scenario, like modern urban areas where users are distributed in 3D space with
noticeable differences in height as well as dense areas where it is necessary to
minimize communication traffic, 3D MIMO have better performance and as a result,
it is utilized in a conventional communication system [12].
To design a 3D MIMO, an antenna unit with a specified characteristic has to be
designed and tested. Then such antennas are arranged in a desired 3D configuration.
To maximize the data rate, 3D MIMO is usually implemented with ultra-wideband
(UWB) antennas and for this MIMO design, the antenna elements are UWB monopole
antennas.
2.2 Printed UWB Antennas for MIMO Applications
The ultra-wideband technology is identified as having many advantages ranging from
a low complexity, low cost, omnidirectional radiation pattern, high precision ranging,
low interference, high data rates, and low power requirements [13]. As a result, UWB
technology has attracted great attention in terms of its implementation and the

16
realization of suitable antennas for UWB applications. Ideally, a UWB antenna should
have a wide bandwidth ranging from 3.1GHz to 10.6GHz as designated by the FCC
[14]. A UWB antenna should also be compact, easy to design, and produce an
omnidirectional radiation pattern.
For most applications, bandwidth enhanced printed monopole antennas which are
simple, easy to design, compact, and easy to integrate are used for this purpose contrary
to their conventional counterpart like horn antenna, dipole, and monopole antennas
which are large and difficult to integrate [15]. Most of these antennas are fed either by
a microstrip line method or by a coplanar waveguide (CPW).
The UWB printed monopole antenna design evolves from the monopole antenna by
using the equivalent area method [16]. For the derivation of this method from the first
principle, the real input impedance for an infinitesimally thin monopole is calculated
as
L = 24. λ f

(12)

Where λ is the wavelength. If H is the height of the monopole, the geometric ratio f of
the dimensions of the monopole is given as

𝑓=

𝐻
𝐿+𝑎

(13)

Combining equations (12) and (13), the wavelength of the monopole will be
𝜆=

𝐿+𝑎
0.24

(14)

Therefore, the lower frequency of the monopole antenna is given as
𝑓=

72
𝐿+𝑎+𝑔

(15)

17
Where g is the length of the feeding probe. As can be seen, the surface area S of the
cylindrical monopole can be expressed as
𝑆 = 2𝜋𝑎 × 𝐿 = 𝜋𝑅 2

(16)

By using this approximation, various printed UWB monopole antennas such as the
rectangular, the circular, the triangular, and the polygon-based printed monopole
antennas have been investigated [17- 21].
Since printed circular monopole antenna exhibits the largest impedance bandwidth of
all printed monopole antennas [22-29]. Some of the recent printed circular monopole
antennas design for UWB applications are subsequently revised.
For a circular monopole antenna, L=2R and a =R/4. Then equation (15) becomes
𝑓=

7.2
2.25 ∗ 𝑅 + 𝑔

(17)

f in the equation above is the lower resonant frequency in GHz, R is the radius of the
printed circular monopole antenna and g (g≈ 0) is the gap in cm between the patch
and the ground. However, the accurate method [21] [22] to determine the resonance
frequency of a circular patch antenna on a substrate with a relative permittivity 𝜀𝑟 can
be expressed as

𝑓=

𝛼𝑛𝑚 𝐶
2𝜋𝑎𝑒𝑓𝑓 √𝜀𝑟

(18)

f is the resonance frequency, αnm is the mth zero of the derivative of the Bessel function
of order n. For the dominant mode TM110, α11 = 1.841, C is the speed of light and aeff
is the effective patch radius
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2.2.1 Circular Patch Antennas for UWB Applications
Some of the recent circular patch antennas for UWB application will be studied in this
section. A circular-shaped microstrip patch antenna was designed with a single bandnotch characteristic for UWB application [23]. Several slots like crescent-shaped slot,
circular slot as well as I-shaped slots on the ground were used to improve the
bandwidth and an L-shaped slot was inserted on the antenna to suppress a band of
frequency. In [24], a circular microstrip patch antenna with U- shaped slot for band
notching is designed. A similar circular shape monopole antenna was reported with
two opposite C-shaped slots and an L- shaped slot inserted on the patch for a dualband notching [25]. Both antennas exhibit a wide bandwidth and are suitable for UWB
applications.
The design of a circular monopole antenna with multiband rejection which was
investigated with several slots was presented [26]. A simple circular patch antenna was
designed for UWB applications [27]. A microstrip fed, truncated-top circular patch
antenna was designed for UWB applications with the addition of a complementary
split-ring resonator (CSRR) for band notching and a T-shaped strip connected to the
top of the antenna for frequency resonation [28]. Also, a circular patch antenna with
rectangular strips was presented [29]. Table 1 summarizes the circular microstrip patch
antennas designed for UWB application, their frequency of operation, and other
important features of the antennas.
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Table 1: Features and Performances of Circular Monopole Antennas
References

[23]

[24]

[25]

[26]

[27]

Summary of Design

Frequency
Range
(GHz)
Circular patch with circular slot, a 2.35 – 12.9
crescent-shaped slot, and an Lshaped slot with a ground plane
having an I-shaped slot and
truncated edges

Other
Important
Features
Band notch: 2.9
– 3.8 (GHz)
Efficiency ≈ 0.9

Circular patch with a U-shaped slot 2.3 – 12
on the patch and partial ground with
truncated edges
Circular patch antenna with two 3.5 – 11.12
opposite C-shaped slots and an Lshaped slot

Band notch: 3.2
– 4.1 (GHz)

Circular patch antenna with a 3.69 – 10.68
square-shaped slot and three
opposite U-shaped slots. A partial
ground with two rectangular slots
and feedline with rectangular slots
A simple circular microstrip patch 1.6 – 11.6
antenna

Multiband
rejection:
3.7 – 4.9, 5.5 –
6.2, and
7.4 – 8.6 GHz
Gain at
resonance
frequencies:

Dual-band
rejection:
3.65 – 5.01 GHz
and 5.9 – 7.24
GHz

4.0503dBi at 6.3
GHz
5.5311dBi at
10.22 GHz

[28]

[29]

A Circular microstrip patch antenna 2.94 – 9.84
with a truncated top, a CSRR slot,
and a T-shaped strip connected to
the top with a slotted ground plane
with staircase edges and meander
slotted ground.
A circular patch with rectangular 3.6 – 11.4
strips and microstrip feed with a
rectangular slot

Band notching
at 2.9 GHz,
4.8 GHz.
Gain: 1.88198dBi at
3.6 GHz.
UWB response:
S11(dB)<-10dB
between 3.1 and
10.6 GHz
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2.2.2 Antenna Design based on Superformula
By studying various living organisms, Johan Gielis proposes a mathematical
formulation for the modeling and understanding of various shapes and curves known
as the Superformula [30]. The Superformula is given by,
1

𝑟(Φ) =
1
𝑚
{[(| cos(Φ )|)
𝑎
4

𝑛2

𝑛3

1
𝑚
+ (| sin(Φ )|) ]
4
𝑏

(19)

1⁄
𝑛1

}

The formula has six parameters namely a, b, m, n1, n2, and n3, which when modified
generates various natural polygons. a and b are the major and minor axis of an ellipse,
to generate a circle, a = b. m is the number of corner points or spikes, n2, and n3
determines if the realized structure is inscribed or circumscribed in the circle.
Since it is well established that fractal antennas with regular patterns on the radiating
surface are good for UWB purposes because of their enhanced bandwidth, a triangular
antenna with a Koch-fractal structure for bandwidth enhancement was designed for
UWB application [31]. Simulation and measurement results showed that the overall
size of the antenna is decreased and the antenna covers the entire FCC band.
A CPW-fed patch antenna was designed based on Superformula and subsequently
notched for UWB application [32] [33]. In both designs, the antennas have smaller
sizes and they show a return loss less than -10dB in the entire FCC band. Both antennas
also show good radiation and gain performances.
2.3 Antenna System’s Diversity Methods
The use of multiple antennas to improve the quality and reliability of wireless networks
in situations where there is multiple interference like reflection, diffraction, and
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scatterings is termed diversity [34]. When the electromagnetic (EM) signals are
interfered with by obstructions as they propagate, this results in a multipath scenario
where multiple instances of the original signal have different attenuations, distortion
levels, time delays, and phase shifts. This may result in destructive interference at the
receiving antenna. The common diversity techniques are pattern diversity, polarization
diversity, transmit or receive diversity, adaptive arrays diversity, and space diversity.
In pattern diversity, a receiving antenna is made to switch between different radiation
beams or patterns depending on the one with the highest signal whose combination
results in the highest overall gain of the system. In transmit and receive diversity,
multiple antennas are used for transmitting and receiving EM signals simultaneously
to minimize the transmit power.
In polarization diversity, polarized antennas at different angles of polarization (usually
at ±45°) are used at different branches of a MIMO system as the transmit and receive
antennas. This reduces the size of the antennas, especially for mobile handheld
devices. Further, this technique is often combined with spatial diversity. In adaptive
array diversity, a single antenna with an active element or multiple antennas that
possess the ability to change radiation patterns in different conditions are utilized.
Adaptive antennas provide scanning abilities useful in radar applications like scanning,
searching, mapping, and jamming.
The use of multiple antennas with usually similar characteristics that are physically
separated from each other is termed spatial diversity. Spatial diversity is the most
fundamental technique to achieve diversity. For some applications, the distance
between successive antennas can be a fraction of wavelength while in other
applications like cellularization and sectorization, antennas can be separated by several
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kilometers. The antennas are normally situated such that the differences between
consecutive phases of the multipath contribution are significant. The differences in
path length of signals result in phase difference which can be large enough so that the
correlation between antennas is extremely low. Correlation is therefore inversely
proportional to the distance between the antenna and the consecutive phase difference.
Using the zero-order Bessel J0(x) function by assuming a two-dimensional scenario
such that the angular density function is uniform in the azimuth of the propagation
channel and there is no angular density function in the elevation, the correlation
coefficient is given as:
𝜌12 = 𝐽0 (𝛽𝑑)

(20)

Where 𝜌 is the correlation coefficient between antenna 1 and 2, 𝐽0 is the zero-order
Bessel function, 𝛽is the phase constant and d is the separation between the antennas.
In this design, the spatial diversity technique is used for the implementation of the
MIMO system.
2.3.1 Three Dimensional Configurations for MIMO Design
Several designs for three-dimensional MIMO exist in the literature, some of them will
be discussed in this section. A three-dimensional, cuboidal, MIMO antenna design
with a wireless local area network (WLAN) band notch characteristic is presented [35].
A three-port, nonplanar, multiple-input-multiple-output/diversity antenna with very
high isolation between the radiating elements is proffered [36].
In [37], two versions of a compact 3D MIMO antenna is presented. The MIMO system
is designed as a radar sensor for 3D radar imaging and target object detection. A
compact reconfigurable multiple-input multiple-output antenna for ultra-wideband
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applications was designed with a modified square radiating patch chamfered at the
corners for bandwidth enhancement [38].
A 3D, cuboidal design of a two-element, UWB, MIMO system having a chamfered
rectangular patch antenna was designed with an F-shaped structure, an inverted Ushaped resonator, and a modified rectangular strip on the bottom of the substrate to
improve isolation [39]. In [40], a structure consisting of a hybrid combination of
printed cross-dipole and an annular ring antenna was designed utilizing the
polarization diversity technique to improve isolation.

A

novel wideband four-port

diversity antenna that is capable of exciting four different radiation patterns is
presented [41]. The antenna is a combination of a vertical electric dipole located at the
center of the ground plane and four magnetoelectric dipoles arranged in a ring
configuration.
A 3D. eight-element, UWB-MIMO antenna was designed with a unit element in form
of a Y-shaped patch, a metamaterial structure to improve the gain and efficiency, and
a partial ground plane for UWB performance [42]. The antennas were arranged around
a polystyrene block in an octagonal manner to achieve the MIMO with a π-shaped
structure for isolation improvement.
Spline antennas were used to implement a 3D, UWB-MIMO system with a partial
ground plane on the bottom of the substrate and square spiral parasitic structures to
improve the impedance bandwidth [43].
3D MIMO systems of antenna was designed by placing four antennas horizontally and
four antennas vertically [44-46]. The design in [44] is a rectangular patch that is
chamfered on the base having a similar antenna with a rectangle-shaped slot placed
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adjacent to it. Also, [45] is a similar design with a quarter-wavelength strip extending
from the ground plane for band rejection. The unit element in [46] is a slotted
rectangular patch with a right side-truncation. In all the MIMO systems, adjacent
antennas are rotated in both horizontal and vertical arrangements to achieve
polarization diversity
A 3D, four-element, dual-fed, cylindrical dielectric resonator antenna was presented
using a simultaneous orthogonal pattern to improve isolation [47].
Table 2: Three Dimensional MIMO Configurations
References

MIMO Configurations

Isolation
Enhancement
Techniques and
Minimum
Isolation(dB)

MIMO
parameters

[35]

3D cuboidal design of
MIMO with antenna

ECC< 0.1
TARC < 0dB
MEG±2dB

[36]

3D cylindrical MIMO
with 3 quarter
wavelength long(λ/4)
long antennas

Reflector plates placed
between adjacent
antenna
Isolation ≈ -21
3 D cylindrical
decoupling structure
with five circular
shaped elements

[37]

Exteriorly-attached,
panel integrated, sixteen
transmit and sixteen
receive slot patch
antenna.

[38]

Exteriorly-attached,
panel integrated spiral
antennas
Cuboidal in both
orthogonal and back-toback configurations or
corner installation

Isolation <- 15
-

Decoupling structure
on the ground plane
Isolation <- 20dB

Gain ≈ 4dBi
ECC < 0.005
TARC < -10dB

Improved 3D
radar imaging
capabilities

ECC < 0.1 dB
for both
TARC < -4dB
and 3dB
respectively
CCL
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Table 2: Three Dimensional MIMO Configurations (continued)
References

MIMO
Configurations

Isolation
Enhancement
Techniques and
Minimum
Isolation(dB)

MIMO
parameters

[39]

Back-to-back or
orthogonal
configuration

An F-shaped and a
pair of inverted Ushaped parasitic
strips
Isolation :<- 30 dB
for the back-to-back
and <- 25 dB for
orthogonal

ECC, TARC,
and CCL

[41]

Ring configuration of
four magnetoelectric
dipoles
Eight elements,
symmetrical and
asymmetrical,
Octagonal configuration
Four-elements cuboidal
structure

Computational study
Isolation <- 26

Broadside gain
≈ 11 dBi

A π-shaped structure
Isolation <- 20dB

CCL < 0.35
ECC < 0.0025
TARC < -11
dB
TARC < –8 dB
CCL < 0.2
ECC < 0.0025
ECC < 0.5

[42]

[43]

[44]

[46]

[45]

[47]

Vertical and horizontal
arrangements of
antennas
Vertical and horizontal
arrangements of
antennas
Vertical and horizontal
arrangements of
antennas
Cross-Shaped
configuration

Frequency selective
surface
Isolation <- 20dB
Polarization diversity
Isolation <- 15dB
Polarization diversity
Isolation <- 15dB
Polarization diversity
Isolation <- 15dB

Orthogonal mode
radiation

ECC < 0.1
DG > 9.5dB
MEG≈1
CCL < 0.3
MEG≈1
TARC < –8 dB
ECC < 0.45
ECC < 0.25
DG > 5dBi

Table 2 above is the description of 3D MIMO configurations, the isolation
enhancement technique used for each design, and their corresponding MIMO
performance characterization.
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2.4 Isolation Enhancement Techniques for MIMO Systems

Multiple-input-multiple-output antenna offers several advantages such as high data
rates, reduction in bits per error rates (BER), extensive cell coverage, minimized fading,
lower susceptibility to taping, wide-coverage, etc. As a result, modern wireless
communication such as long-term evolution (LTE) and wireless local area network
(WLAN) are employing MIMO systems. However, for most applications, compact
antennas are desired and those antennas are required to be closely placed for their
operation due to limited space. Placing antenna closely in a region leads to
electromagnetic interference between them as a result of many phenomena like freespace radiation, surface current, and surface waves. The effect of mutual coupling in
MIMO systems includes weakening of signal-interference-noise ratio (SINR),
deterioration of the carrier frequency offset estimation, diminishing the channel
capacity estimation, reduction in the angle of arrival, and many more [48].

Mutual coupling can be defined as the phenomenon whereby electromagnetic energy
is absorbed by a nearby antenna when another antenna is radiating [49]. Mutual
coupling seriously affects the performance of the antennas as well as the MIMO
system in terms of its performance characteristics like the radiation pattern, reflection
coefficient, input impedance, etc. The mutual coupling can be expressed empirically
as:

𝐶𝑚𝑛 −1 = exp (−

2𝑑𝑚𝑛
(𝛼 + 𝑗𝜋)) , 𝑚 ≠ 𝑛
𝜆
(21)

𝐶𝑚𝑛 −1 = 1 −

1
∑∑
𝐶𝑚𝑛 −1
𝑁
𝑛≠𝑚
𝑚
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Cmn is the mutual coupling and dmn is the distance between the mth and the nth antennas,
N is the number of array elements, and α is the coupling parameter [50]. Because
Mutual coupling depends on the configuration of the MIMO, the excitation as well as
the transmit and receive mode, it is normally evaluated for practical purposes in term
of the S parameters between the mth and nth antennas as 20log(|Smn|) or in term of the
isolation as -20log(|Smn|).

Based on the identified factors and the mechanisms of mutual coupling, several
techniques are deployed to reduce mutual coupling or improve isolation in MIMO
systems. Some of these methods include the use of digital techniques in form
algorithms to reducing mutual coupling. However, microstrip decoupling techniques
are more effective for most applications. The common microstrip decoupling
techniques employed are polarization diversity, the use of parasitic elements, the use
of decoupling structures, using defected ground structures (DGS), the application of
neutralization line (NL), and the utilization of metamaterials.

I.

The use of Decoupling Structures: One of the common methods of minimizing
mutual coupling is the use of a decoupling network. A decoupling network
provides negative coupling between adjacent ports of the antenna system [51].
The advantage of decoupling networks is the spatial efficiency whereas they
suffer setbacks, especially with narrow bandwidth.

A planar decoupling structure was inserted between two antennas for isolation
enhancement [52]. This design arrangement has additional advantages like
geometric simplicity, compactness, wide bandwidth with a minimum
correlation coefficient. A decoupling structure consisting of a metal strip in
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form of a cross-shaped which resulted in a pattern diversity was inserted
between the radiating elements to enhance isolation [53]. Also, a two-element
planar MIMO antenna [54] with decoupling structures to reduce the mutual
coupling between the two antennas was designed.

II.

Polarization diversity: This method involves the observation of the distribution
of the phase and the radiated field pattern to geometrically orientate polarized
antennas to improve the isolation or minimize mutual coupling. A design of an
orthogonal, separately-fed, UWB polarization diversity antenna with a
differential pair and chamfered square-slot was presented [55]. The
asymmetrical placement of antennas was used to achieve an improved isolation
[56]. A MIMO system [57] consisting of two monopoles initially placed side
by side while the second antenna was tilted at the right angle to the first antenna
to achieve polarization diversity was designed.

III.

Parasitic elements: Parasitic elements are microwave components like stubs
and resonators which are not connected directly to the primary feeding network
nor the antenna. These devices create an opposing field that terminates the
coupling fields between them thereby minimizing the total coupling on the
target antenna. A parasitic element in form of an H-shaped patch similar to the
main antenna was placed adjacent to each antenna to improve isolation [58]. A
compact printed dual element antenna system is presented in [59] with a
parasitic element inform of a meander microstrip line that was inserted between
the antenna.

IV.

Defected ground structures (DGS): Defecting a ground structure is a
microwave technique whereby a part of the ground is removed in form of slot
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or resonant gap directly below the feeding network. Defected ground structures
induce some performance characteristics such as bandwidth enhancement and
mutual coupling reduction [60]. Some of the MIMO designs in which defected
grounds are used for mutual coupling reduction are highlighted.

A defected ground structure in the form of a crossed shaped slot was designed
to minimize the mutual coupling [61]. A U-shaped fractal structure on the
ground plane was also used to minimize mutual coupling [62]. A two-element
microstrip antenna [63] consisting of a meander slot etched on the ground
structure was presented. This defect on the ground structure suppresses surface
waves which inturns reduce mutual coupling.

V.

Neutralization line: The use of neutralization is a method whereby the
minimum impedance and maximum current of an antenna is determined, then
a suitable length of the line is chosen and inserted between the antenna and an
adjacent antenna to reverse the phase of the current from the original
antenna[64]. The reversed-phase current is then fed to the adjacent antenna
thereby reducing the amount of the coupled current in the adjacent antenna.
[65] and [66] are MIMO designs in which the neutralization lines were used to
minimize mutual coupling.

VI.

The use of electromagnetic metamaterials: Metamaterials are synthetic
structures that can induce certain electromagnetic behaviors such as negative
permittivity, negative permeability, or both, negative refractive index, etc. [67].
Examples of such structures are split-ring resonators (SRR), complementary
split-ring resonator (CSRR), and capacitively locked loops (CLL).
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An M-shaped, 3D metamaterial structure was designed and used to minimize
the coupling between two antennas [6]. A grid of C shape resonators was also
used to reduce mutual coupling [68].

Table 3 is the comparison of the mutual coupling reduction techniques and the
isolation achieved.
Table 3: Comparison of Mutual Coupling Reduction Techniques
Ref.

Isolation
technique

Description of
the Technique

Isolation
Achieved
(dB)

Frequency
Range
(GHz)

[52]

Decoupling
Network

<-31

3.1-10.6

[53]

Decoupling
Network

<-18.4 and
<-22.7

3.47-3.53
5.68-5.72

Gain=2.7
dBi and 2.8
dBi

[55]

Polarization
Diversity

Planar
decoupling
structure
Shorted crossshaped metal
strip
Orthogonal
differential
pairs

<-40

2.75-11

[56]

Polarization
Diversity

<-22

3.2 – 12

[57]

Polarization
Diversity

≤ -21

2.5 – 12

ECC =20dB

[58]

Parasitic
elements

≤ -24

1.55,2.48,
3.6 and 4.1

Gain and
Directivity

[59]

Parasitic
element

Asymmetrical
Antenna
placement
Orthogonal
placement of
antennas
Adjacent
unexcited
antenna
Meander
microstrip line

Dual bandrejection:
3.5 and 5.5
GHz
ECC≤0.008
CCL≤ 1.0

≤- 20

5.5 – 5.96

ECC, Gain,
CCL

[61]

Defected
Ground
Structure
DGS

Cross-shaped
slot

<-32

5.7 – 5.9

Gain, ECC
CLL,
Efficiency
suppressed
XP level

[62]

Periodic fractal 20dB
DGS (PFDGS) reduction
and arc-shaped
DGS

2.8 – 3.1

Other
Important
Results
-
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Table 3 Comparison of different Mutual Coupling Reduction Techniques (continued)
Ref.

Isolation
technique

Description of
the Technique

[63]

Defected
Ground
Structure
Neutralizati
on Line

Meander slot

[65]

[66]

Neutralizati
on Line

[6]

Metamateri
als

[67]

Metamateri
als

Isolation
Achieved
(dB)
< -20

Microstrip line < -22
with circular
disc
Simple
< -15
Microstrip line
An M-shaped < -18
patch
connected to
U-shaped
patches on the
bottom
Matrix of C- < -30
shaped
resonators

Frequency
Range
(GHz)
1.8
3.1 – 5
3.1 – 11

Other
Important
Results
Very
compact
size
Efficiency
< - 4dB
N/A

2.35 – 2.45 ECC ≈ 0

5 – 7.5

ECC < 0.01
DG ≈10dBi

2.5 Major Advantages of Three-Dimensional MIMO Systems.
The use of multiple antennas for the transmission and reception of signals offers many
advantages such as multipath propagation, high data rate, improved channel capacity,
improved signal quality, and reliability. Besides, 3D MIMO offers added advantages
over its planar counterpart. Some of the added merits of utilizing three-dimensional
MIMO arrangements are

I.

Compactness: for systems with a large number of antennas, if all the antennas are
arranged on a flat surface, the system will require a large area for its
implementation. However, if the same set of antennas are arranged in a threedimensional configuration, the overall space occupied by the MIMO will be
minimized [44-46].
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II. Three-dimensional Signal Coverage: The real situation for most modern cities is
that the users of the wireless network are distributed in three-dimensional space and
are located at a different elevation. As a result, the radiation beam for most of such
users of wireless communication needs to cover the three-dimensional space in
addition

to

efficient

interference

management. The ability to

radiate

electromagnetic signals in the three-dimensional space especially its enabling
feature of adjusting the beam in both the horizontal and the vertical direction is a
key benefit of 3D MIMO. With the deployment of 3D MIMO in recent
communication technologies, a better performance is achieved in scenarios with
distinct elevation of multiple users and densely populated areas having numerous
users closely spaced with each other [12]. The important MIMO technologies are
spatial multiplexing, 3D beamforming, and interference coordination. Some of the
disadvantages and current challenges of 3D MIMO is the lack of comprehensive
channel measurement and modeling, the infancy in the development of suitable
analytical 3D beamforming algorithms, a more expensive, large hardware and
processing equipment, complex signal processing, complicated synchronization of
large antennas, large power consumption by the application device (e.g. base
station) and many more.
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Chapter 3: The Supershape Antenna Design
3.1 Introduction
In the MIMO design, we initially designed an ultra-wideband planar monopole antenna
in form of a Supershape. It is desired that the Supershape antenna has a UWB
performance characteristic – its performances such as the impedance bandwidth, the
gain, the efficiency, the group delay, and the radiation pattern are suitable over the
ultra-wide frequency band in both simulation and measurement. In this design, we
chose the Isola IS680 AG-348 substrate with a dielectric constant (𝜀𝑟 ≈ 3.5) that is
stable over a wide band of frequency and a dielectric loss tangent (tanδ ≈ 0.0029).
3.2 Experimental Procedure
3.2.1 Supershape Antenna Design for UWB Application
A circular patch antenna that has a wide bandwidth relative to its planar counterparts
was selected for this design. Its resonance frequency when operating on a substrate
with a relative permittivity 𝜀𝑟 can be expressed as

𝑓=

𝛼𝑛𝑚 𝐶
2𝜋𝑎𝑒𝑓𝑓 𝑒√𝜀𝑟

(18)

f is the resonance frequency, αnm is the mth zero of the derivative of the Bessel function
of order n. For the dominant mode TM110, α11 = 1.841, C is the speed of light and aeff
is the effective patch radius. The effective radius of the circular patch at the lower cutoff frequency of the ultra-wide frequency band (3.1 GHz) on a substrate with a
dielectric constant (𝜀𝑟 ≈ 3.5) is estimated to be 15.15 mm corresponding to a diameter
of about 30.31 mm.
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Because there is a desire for small, compact, integrable, and high performing devices
[69], a more compact planar structure is desired. In theory, when the boundary of an
antenna is defected at regular intervals creating a fractal structure, the bandwidth
performance is improved [31]. A Supershape structure [70] which in this case is a
circular patch with regular patterns at its radiating edge is chosen for this design based
on the Superformula [30, 32 33] because of its improved bandwidth performance. The
Superformula is given by
𝑟(Φ) =

1
1
𝑚 𝑛2
1
𝑚 𝑛3
{[(|𝑎 cos(Φ 4 )|) + (| sin(Φ 4 )|) ]
𝑏

(19)

1⁄
𝑛1

}

The formula has six parameters namely a, b, m, n1, n2, and n3. For this design, the
parameters are chosen as a = b = 1, m = 10 and n1 = n2 = n3 = 3.5 respectively. The
overall diameter of the antenna on the Isola IS680 AG -348 substrate with a dielectric
constant (𝜀𝑟 ≈ 3.5) and a dielectric loss tangent (tanδ ≈ 0.0029) is 16.14mm. This
is about 46.75% and 11% reduction in the size when compared with the regular circular
patch and previously designed antennas with similar configuration [32],[33]
respectively.
The antenna is fed with a microstrip line which is simpler, compact, and faster to
design for rapid prototyping [71], [72]; though a coplanar waveguide (CPW)
transmission line has advantages such as the effectiveness in the control of
characteristic impedance, ease of integration with other circuit components, the lower
frequency dispersion, and low radiation leakage [73]. The width of the microstrip
feedline is set to 3.62 mm to achieve an approximately 50 Ω characteristic impedance
with a length of 4.5 mm which is a fraction of quarter wavelength. A quarter
wavelength impedance transformer is used for impedance matching between the
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antenna and the feedline [74]. The length of the transmission line is 14.905 mm. After
running a parametric study, the width of the quarter wavelength transmission line that
shows the optimum antenna performance is 2.5 mm.

Similar to planar monopole

antennas designed for ultra-wideband performance [75], [76], the antenna is designed
with a finite or a partial ground structure [17].

f

g

e

j
i

h

b
k

c d
(a)

(b)

Figure 7: The (a) Top and (b) Bottom Views of the Antenna
Table 4: The Dimensions of the Antenna
Parameters

Values (mm)

Parameters

Values (mm)

a

16.14

f

25

b

14.905

g

2.7

c

4.55

h

3.5

d

3.62

i

5.5

e

40.61

j

5.5
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Figure 8: The Photograph of the Fabricated Prototype
By running a parametric study, the length of the ground structure with the widest
bandwidth is 17.5 mm. This antenna has a partial ground with slots [77] and truncated
edges [78] [79] to improve the bandwidth. The top and ground sides of the antenna are
shown in Figure 7; the parameters and their corresponding dimensions are provided in
Table 4. Figure 8 is the photograph of the fabricated prototype.
3.2.2 Description of Antenna Performance.
Figure 9 is the plot of the simulated return loss using ANSYS HFSS and the measured
return loss for the single antenna. The measurement was done with the Anritsu
MS4647B vector network analyzer. From the figure, it can be seen that the antenna
has a reflection coefficient |S11(dB)| greater than 10 dB across the entire FCC
designated band - from 2.84 GHz to 10.6 GHz in both simulation and measurement.
This confirms that the antenna works well in the UWB frequency range. The
differences in the simulation and measurement are attributable to fabrication errors
such as the removal of about 0.2 mm of the substrate materials from the top and bottom
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of the substrate during the milling process, calibration errors, the intrinsic errors due
to an additional RF connector that was not included in the calibration process, and
multiple reflections.

Figure 9: The Simulated and Measured Reflection Coefficient (S11(dB))
The group delay of an antenna is the measure of the time interval for the
various frequency components of a signal to pass through from the input (the port ) of
the antenna to the output (the radiating patch). Transmitted UWB waveform is
inherently dispersive. Even in the usual indoor communication environments, factors
such as frequency-dependent variation of antenna characteristics, reflection or
transmission coefficient, and RF circuitry are sources of dispersion [80]. It is therefore
necessary to obtain the characteristic of a UWB antenna in the radio channel in which
a UWB antenna will operate for a complete design.
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Figure 10 is the plot of the simulated and measured group delay of the antenna. The
simulated group delay varies slightly across the band with a steady value of about
|0.5(ns)| across the band. A similar pattern can be observed from the measured group
delay which has a steady value of about |1.5(ns)|. The ripples in the measured group
delay is as a result of multiple reflections during measurement because of an imperfect
absorbing boundary.

Figure 10: The Plot of the Simulated and Measured Group Delay
The radiation pattern of the antenna is the representation (graphical, mathematical, or
geometrical) of the power distribution properties such as the amplitude, phase, and
polarization of the wave radiated from the antenna (i.e. in transmit mode) or received
by the antenna (in receiving mode) to the region or space around the antenna as a
function of the angular space coordinates θ and φ [75]. Radiation pattern could be a
field pattern (in linear scale) that exemplifies a plot of the magnitude of the

39
electric or magnetic field as a function of the angular space. It could also be a power
pattern (in linear scale) which is a plot of the square of the magnitude of the electric
or magnetic field as a function of the angular space or the power pattern in dB.
The Fairfield measurement was done in two stages: After the calibration of measuring
equipment, the antenna was mounted on a Velbon PH368 rotational positioner that is
mounted on a tripod stand. Then the antenna was rotated about the azimuth plane while
a corner connector was used to position the antenna for measurements in the elevation
plane to generate a two-dimensional polar pattern.

The Vector Telecom

VT48SGAH20NK standard gain horn antenna that operates from 5.38 GHz to 8.17
GHz was used as a reference in the first stage. In the second stage, the reference
antenna is the Vector Telecom VT100SGAH10NK standard gain horn antenna that
operates between 8.2 GHz to 12.4 GHz.

(a)

(b)

Figure 11: Simulated and Measured Radiation Pattern in the (a) Azimuth and (b)
Elevation Planes at 5 GHz (The plots in red are the simulated radiation
pattern while the plots in blue are the measured radiation pattern)
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(a)

(b)

Figure 12: Simulated and Measured Radiation Pattern in the (a) Azimuth and (b)
Elevation Planes at 8 GHz (The plots in red are the simulated radiation
pattern while the plots in blue are the measured radiation pattern)

(a)

(b)

Figure 13: Simulated and Measured Radiation pattern in the (a) Azimuth and (b)
Elevation Planes at 10 GHz (The plots in red are the simulated radiation
pattern while the plots in blue are the measured radiation pattern)
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Figure 14: The Simulated 3D Radiation Pattern at 5 GHz

Figure 15: The Simulated 3D Radiation Pattern at 8 GHz
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Figures 11-13 are the plots of the simulated and the measured radiation pattern of the
antenna in the azimuth and the elevation planes. Figures 14 and 15 are the simulated
3D radiation pattern of the antenna. From the figures, it can be observed that the
antenna has an omnidirectional radiation pattern. The antenna is linearly polarized.
The gain of an antenna is a directional property of the antenna that is measured as the
ratio of its intensity in a given direction to the radiation intensity that would have been
obtained if the antenna radiated isotropically [75]. Gain can be expressed
mathematically as

𝐺𝑎𝑖𝑛 = 4𝜋

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑈(𝜃, 𝜑)
= 4𝜋
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟
𝑃𝑖𝑛

(22)

For practical purposes, the gain is measured in terms of a reference antenna: a lossless
isotropic source such as the horn or dipole antenna as the ratio of the power gain in a
given direction to the power gain of the reference antenna in that direction. The
measured gain is obtained from the two-stage Fairfield measurement of the antenna.

Figure 16: The Plot of the Simulated and Measured Gain of the Antenna
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Figures 16 shows the plot of the simulated and measured gain of the antenna. From
the figure, it can be observed that the antenna has a minimum peak gain of about 2dBi
that increases across the ultra-wide frequency band except at about 6.8 GHz and 9.2
GHz where the measured gain is about 2 dBi.
Another important parameter of an antenna that describes the quality of its
performance is the total efficiency otherwise known as the efficiency. Efficiency can
be defined as the ratio of the power that is available for radiation to the input power
into the antenna [75]. The total efficiency puts the reflection losses into consideration.
In mathematical term, radiation efficiency can be defined as

𝑒0 =

𝑅𝑟
𝑥 100%
𝑅𝑙 + 𝑅𝑟 + 𝑅Γ

(23)

Where 𝑒0 is the total efficiency in %, 𝑅𝑟 is the radiation resistance which is the measure
of the available power for radiation. 𝑅𝑙 is the conduction-dielectric losses due to the
copper and the dielectric material and 𝑅Γ is the reflection losses at the input terminal
of the antenna. Similarly, the measured efficiency was obtained during the two-stages
Fairfield measurement.
Figure 17 shows the plot of the simulated and measured efficiency. From the figure, it
can be seen that the simulated efficiency of the antenna ranges from 90 to 99%. The
value of the measured efficiency is between 82 to 93%. Both values are comparable
over the range of frequency.
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Figure 17: The Simulated and Measured Efficiency of the Antenna
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Chapter 4: The MIMO Antenna Design
4.1 Three-Dimensional MIMO Configuration.
A MIMO system is configured with three antennas to form a tetrahedral structure using
a triangular prismatic polystyrene foam as a support. The motive for choosing this
configuration is the desire to optimize the number of antennas that are used for the
MIMO design such that the least possible number of antennas will be utilized for a full
3D beam coverage that is 360 degrees in both the azimuth and the elevation.
The MIMO system arrangement has to be made as compact as possible. In addition,
the arrangements of the antennas in this configuration results in a scenario of a more
intense mutual coupling between antenna. Therefore, there is a need m for the design
of an efficient isolation enhancement mechanism to reduce the mutual coupling
between antenna elements. When antennas are arranged in cuboidal configuration
either as back to back or orthogonal [35, 38, 39, 43], the angular separations between
the antennas are reasonably significant so the system takes advantage of polarization
diversity. When higher-order polygon-based MIMO design is implemented [42], the
orientation between closest adjacent pairs of antenna has a wider angle of separation
and for other antennas present in the system, their physical distance to any other
antenna is reasonably large. These configurations result in a minimized mutual
coupling between antenna elements in the entire system.
To realize the MIMO, three antennas were configured around a triangular prismatic
polystyrene foam (𝜀𝑟 ≈ 1.0) to form a tetrahedral structure. The polystyrene block
has a width of 35 mm and a height of 20 mm. The three antennas are arranged by
reclining their respective bottom sides on the polystyrene block to form a tetrahedral
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design with adjacent antenna at approximately 60° to each other. This creates a
situation where the mutual coupling between adjacent pairs is more intense and a
strong attenuation when the coupling is attempted to be minimized. Consequently,
there is a need to systematically minimize the mutual coupling in a technique that will
not affect the antenna performances.
To minimize the mutual coupling, a quarter-wavelength stub was connected to the
ground to minimize mutual coupling. The quarter-wavelength stub acts as an
attenuator to reject a band of frequency [45]. To avoid huge attenuation that will have
a severe effect on the performance of the antenna in terms of input port reflections and
by the observation of the surface current distribution on the ground plane, the quarter
wavelength stub was designed at 5.2 GHz with a length of about 7.7 mm as illustrated
in the expression below

𝐿𝑓 =

𝑐
4𝑓0 √𝜀𝑟

(24)

Figure 18: The 3D MIMO with The Stub
Figures 18 is the photograph of the 3D MIMO after the stub was designed on the
ground plane. The performance of the antenna in terms of its isolation before and after

47
the quarter wavelength stub was designed is shown in Figure 19 below. From the
figure, it can be observed that the coupling between a pair of antenna in the MIMO is
about -10 dB between 3.1 GHz and 6 GHz. This is magnificent because the coupling
has a steady value over the extensive range of frequency. However, after the stub was
inserted, the coupling between a pair of antenna is reduced to a value well below -15
dB from 6 GHz up to about 3.5 GHz. A mutual coupling reduction beyond this level
attenuates the input port reflection performances of the antennas so an additional
mutual coupling reduction technique needs to be incorporated.

Figure 19: The Isolation Before and After the Stub (The plots in short dashes are the
isolation before inserting the stub while the plots in continuous values are the
isolation after the stub was inserted)
To improve the isolation at lower frequencies, two consecutive C-shaped resonators
which act as inductance-capacitance (LC) resonators were subsequently designed and
placed adjacent to the quarter wavelength stub to improve the isolation at lower
frequencies [38] [39]. The C-shaped resonators like other contemporary microstrip
resonators have the potential to act as a metamaterial [81], [82]. They were simulated
on the Isola IS680 AG -348 substrate with a dielectric constant (𝜀𝑟 ≈ 3.5) and a
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dielectric loss tangent (tanδ ≈ 0.0029) by placing them between two wave ports
with perfect magnetic boundary conditions and perfect electric boundaries set at the
axis adjacent to the resonators [83].
The inner and the outer C-shaped resonators minimize coupling between 3-4 GHz.
The lateral separation between the two resonators was set 0.2 mm which is the
minimum resolution of the milling process. This results in a coupling slightly lower
than |15 dB| between 3.3 and 3.6 GHz in the MIMO. With a lateral separation of about
0.08 mm, the mutual coupling was more than|15 dB| up to 3.1 GHz. The vertical
separation between the C-shaped resonator is 1.2 mm.

13.6mm

0.8mm

0.64mm
8.8mmm

Figure 20: The Model of the C-Shaped Resonator
Figure 20 shows the C-shaped resonator's design in HFSS. The performance of Cshaped resonators can be deduced from its scattering parameters as shown in Figure
21 below. It can be observed that the array of resonators has a resonance at 4.1 GHz
in addition to other harmonics. The resonators also have a transmittance below 0 dB

49
across the band which demonstrates the potential to minimize coupling in this range
of frequency [84].

Figure 21: The S parameters of the C-shaped Resonator
Figure 22 shows the model of the antenna in HFSS that was used for MIMO
implementation, Table 5 is the list of the parameters of the antenna with their
dimensions, and Figure 23 is the photograph of the corresponding fabricated prototype.
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Figure 22: The Antenna for MIMO Implementation

Figure 23: The Fabricated Antenna for MIMO Implementation
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Table 5: Parameters’ List of the Antenna for MIMO Implementation
Parameters

Values (mm)

Parameters

Values (mm)

a

19.15

f

35

b

14.905

g

2.7

c

4.55

h

3.5

d

3.62

i

5.5

e

40.61

j

5.5

k

17.5

L

7.7

m

13.6

n

9.6

p

0.8

q

0.64

r
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Figure 24 is the model of the 3D MIMO in HFSS and the corresponding fabricated
prototype. This arrangement will be suitable for low power, low-cost MIMO
applications. In simulation and measurement, the MIMO system has performances
such as the input port reflection coefficients, the isolation between elements, the CCL,
the MEG, the TARC, the ECC, and the antenna diversity gain that conform with the
MIMO performance requirements.
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(a)

(b)

Figure 24: The MIMO (a) Design in HFSS and (b) The Fabricated Prototype

4.2 Description of the MIMO Performance
Figure 25 below shows the simulated return loss for the MIMO system. From the
figure, the simulated reflection coefficient for the three antennas is less than -10 dB in
the whole UWB. Similarly, the measured reflection coefficients are also less than -10
dB in the entire UWB as shown in Figure 26.
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Figure 25: The Plot of the Simulated Reflection Coefficients of the MIMO

To measure the reflection coefficients of the MIMO, a complete two-port calibrationopen, short, match, and through (SOLT) was carried out. Then an antenna was
energized while the two others were matched terminated. For the transmission
coefficients, two ports were energized (i.e. 1 and 2 for S21 or S12 assuming reciprocity)
while the third was matched terminated.
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Figure 26: The Measured Reflection Coefficients for the MIMO

Figure 27 shows the simulated isolation between the antennas. From the figure, it can
be observed that the simulated isolation is less than -15 dB across the UWB except for
a slight overshoot between 3.3 and 3.6 GHz. This is as a result of the lateral
displacement between the C-shaped resonators which can be set to a minimum of 0.2
mm based on the resolution of the milling machine. With a lateral displacement of
about 0.08 mm the simulated isolation has no overshoots; however, in the
measurement, as shown in Figure 28, the isolation is lower than -15 dB in the entire
UWB.
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Figure 27: The Plot of the Simulated Isolation.

Figure 28: The Plot of the Measured Isolation
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The plots of the envelope correlation coefficient (ECC) and the diversity gain (DG)
for the MIMO are displayed in Figures 29 and 30. From the figures, it can be perceived
that the simulated and measured ECC and DG between a pair of antennas is less than
0.05 and approximately 10 dB respectively across the UWB.

(a)

(b)

Figure 29: The (a) Simulated and (b) Measured ECC
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(a)

(b)

Figure 30: The (a) Simulated and (b) Measured DG
Figure 31 is the plot of the simulated and measured MEG. From the figure, it can be
seen that for the MIMO, the |MEG1-MEG2|, |MEG1-MEG3|, and |MEG2-MEG3| < 3
dB [85].

(a)

(b)

Figure 31: The (a) Simulated and (b) Measured MEG
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Another important MIMO parameter is the Channel Capacity Loss (CCL in b/s/Hz)
which is the estimated peak loss in the channel capacity. Channel capacity is the
maximum rate for a reliable transmission of information through the channel [86].
Figure 32 displays the simulated and measured CCL (b/s/Hz) for the MIMO. From the
figure, it can be seen that the CCL between a pair of antennas is below 0.4 b/s/Hz
across the ultra-wide frequency band.

(a)

(b)

Figure 32: The (a) Simulated and (b) Measured CCL
The accurate formulation for the determination of the TARC [87] for a three-antenna
MIMO system is
𝑇𝐴𝑅𝐶 = 3−0.5 √∑3𝑖=1 | ∑3𝑘=1 𝑆𝑖𝑘 𝑒 𝑗𝜃𝑘−1 |

(20)
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Using this formula, the simulated and measured TARC is shown in Figure 33 below.
From the figure, the TARC has a value below -15 dB across the ultra-wide frequency
band.

Figure 33: The Simulated and Measured TARC
Similarly, the Fairfield measurement for the MIMO was done in two stages: After the
calibration of measuring equipment, the MIMO was mounted on a Velbon PH368
rotational positioner through one port while the two other ports were matched
terminated [88]. The rotational positioner is mounted on a tripod stand. Then the
MIMO was rotated about the azimuth plane while a corner connector was used to
position the MIMO for the measurements in the elevation plane to generate a twodimensional polar pattern. The Vector Telecom VT48SGAH20NK standard gain horn
antenna that operates from 5.38 GHz to 8.17 GHz was used as a reference in the initial
stage while in the second stage, the Vector Telecom VT100SGAH10NK standard gain
horn antenna that operates between 8.2 GHz to 12.4 GHz was used as a reference.
Figures 34 and 35 are the plots of the simulated and the measured radiation pattern of
the MIMO antenna in the azimuth and the elevation planes.
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Figure 34: Simulated and Measured Radiation pattern of the MIMO in the (a) Azimuth
and (b) Elevation Planes at 5 GHz (The plots in red are the simulated radiation pattern
while the plots in blue are the measured radiation pattern)

Figure 35: Simulated and Measured Radiation pattern of the MIMO in the (a) Azimuth
and (b) Elevation Planes at 8 GHz (The plots in red are the simulated radiation pattern
while the plots in blue are the measured radiation pattern)
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Chapter 5: Conclusion and Recommendation
5.1 Conclusion
This thesis presents a three-dimensional, multiple-input-multiple-output (MIMO)
antenna that is designed for ultra-wide applications. The MIMO is formed by the
configuration of three antennas arranged around a triangular prismatic polystyrene
foam that acts as a supporting block to form a tetrahedral structure. To realize the
MIMO, a Supershape patch antenna with regular spikes was designed based on the
Superformula- a generic formula with six parameters that describe naturally occurring
shapes. Afterward, several bandwidth enhancement techniques were used to improve
its performance over the UWB frequency range. The antenna was then simulated,
fabricated, and tested. For a unit antenna, the simulated and measured |S11(dB)| is
greater than 10 dB across the FCC band, the antenna shows an acceptable gain,
efficiency, group delay, and radiation characteristic fulfilling the UWB requirements.
Subsequently, three similar antennas were arranged around a triangular prismatic
polystyrene foam to realize the tetrahedral MIMO, and mutual coupling reduction was
incorporated. The system was simulated, fabricated, and tested to ensure it is suitable
for MIMO applications. The MIMO has the simulated |reflection coefficients(dB)|
greater than 10 dB in the entire FCC band, the inter-element isolation is greater than
|15 dB|.
By using this configuration, multipath propagation can be achieved which improves
the quality of radio signals in the communication channel. From equation 11, the
channel capacity can be enhanced by a factor of three as shown below.
Capacity = 3BWlog 2 (1 + SNR)

(21)
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3 in the above equation is the number of antennas in the MIMO. With a very low ECC
(ECC ≈ 0), the correlation between the radiation pattern of adjacent antennas is
minimal. The combination of these omnidirectional radiating antennas using this
configuration having a very low ECC between adjacent antennas is an indication that
the MIMO can have a full 3D radiation beam coverage that is 360 degrees in both the
azimuth and the elevation planes.
The MIMO system has an inter-element diversity gain (DG ≈ 10) across the ultra-wide
frequency band. This implies that there can be an increase in signal to noise ratio
(SNR) or the transmission power can be reduced by a factor of 10 between adjacent
antennas using this combination scheme.
The maximum channel capacity loss (CCL) between the antenna pair in the MIMO is
less than 0.4 b/s/Hz across the ultra-wide frequency band. With a very low loss in the
capacity of the channel, transmission and reception can be achieved at an optimum
rate. The difference between the MEG values of any antenna pair in the system is less
than 3 dB which implies that information can be transmitted and received at a
maximum rate. The combination of the CCL and MEG values indicate that the MIMO
can achieve a significant increase in the speed of communication.
The TARC values from the simulation and measurement are acceptable for MIMO
applications. This MIMO system can be used for low cost, low power wireless
systems.
5.2 Recommendations
The unit antenna was implemented in its basic form; therefore, optimizations
can be carried out to further minimize its size to realize a more compact structure.
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The optimized antenna can be used to design a more compact MIMO. Also,
the most common isolation enhancement technique for 3D MIMO is the use of the
parasitic elements. Recently, reflector plates were used to minimize mutual coupling
between antenna elements [89]. Other techniques such as the use of neutralization line,
decoupling structures, and polarization diversity can be experimented in the design of
3D MIMO.

64

References
[1] Daniel E. Capano, “Wireless propagation fundamentals,” Control Engineering,
Aug. 27, 2014. accessed from https://www.controleng.com/articles/wirelesspropagation-fundamentals/ (accessed Oct. 04, 2020).
[2] I. Nadeem and D.-Y. Choi, “Study on Mutual Coupling Reduction Technique for
MIMO Antennas,” IEEE Access, vol. 7, pp. 563–586, 2019, doi:
10.1109/ACCESS.2018.2885558.
[3] C. R. Shah, “Performance and Comparative Analysis of SISO,” International
Journal of Wireless Communication and Simulation, vol. 9, no. 1 (2017), pp. 114.
[4] Gnanaharan, I. & Anbazhagan, R. (2018). Review on the Design of the Isolation
Techniques for UWB-MIMO Antennas. Advanced Electromagnetics. 7. 46-70.
doi:10.7716/aem.v7i4.743.
[5] A. Jamil, M. Z. Yusoff, and N. Yahya, “Current issues and challenges of MIMO
antenna designs,” in 2010 International Conference on Intelligent and Advanced
Systems, Kuala Lumpur, Malaysia, Jun. 2010, pp. 1–5, doi:
10.1109/ICIAS.2010.5716233.
[6] K. Yu, Y. Li, and X. Liu, “Mutual Coupling Reduction of a MIMO Antenna
Array Using 3-D Novel Meta-material Structures,” Applied Computational
Electromagnetics Society Journal. vol. 33, no. 7, p. 758 - 763, 2018.
[7] S. R. Best, “The Significance of Ground-Plane Size and Antenna Location in
Establishing the Performance of Ground-Plane-Dependent Antennas,” IEEE
Antennas Propag. Mag., vol. 51, no. 6, pp. 29–43, Dec. 2009, doi:
10.1109/MAP.2009.5433095.
[8] M. Chiani and A. Giorgetti, “Coexistence Between UWB and Narrow-Band
Wireless Communication Systems,” Proc. IEEE, vol. 97, no. 2, pp. 231–254,
Feb. 2009, doi: 10.1109/JPROC.2008.2008778.
[9] Sys’Com Laboratory, National Engineering School of Tunis, ENIT, Tunisia
Tunis EL Manar University , Tunis, Tunisia et al., “Capacity and Performance
of MIMO systems for Wireless Communications,” J. Eng. Sci. Technol. Rev.,
vol. 7, no. 3, pp. 108–111, Aug. 2014, doi: 10.25103/jestr.073.17.
[10] E. Oughton, Z. Frias, T. Russell, D. Sicker, and D. D. Cleevely, “Towards 5G:
Scenario-based assessment of the future supply and demand for mobile
telecommunications infrastructure,” Technol. Forecast. Soc. Change, vol. 133,
pp. 141–155, Aug. 2018, doi: 10.1016/j.techfore.2018.03.016.
[11] “Advanced antenna system for 5G Network|Whitepaper,” Ericsson.com, Nov.
15,
2018.
https://www.ericsson.com/en/reports-and-papers/whitepapers/advanced-antenna-systems-for-5g-networks (accessed Oct. 18, 2020).
[12] X. Cheng et al., “Communicating in the real world: 3D MIMO,” IEEE Wirel.
Commun., vol. 21, no. 4, pp. 136–144, Aug. 2014, doi:
10.1109/MWC.2014.6882306.

65
[13] “Ultra Wide Band - an overview | ScienceDirect Topics.” accessed from
https://www.sciencedirect.com/topics/engineering/ultra-wide-band
(accessed
Oct. 18, 2020).
[14] Federal Communications Commission (FCC), Revision of part 15 of the
commission's rules regarding ultra-wideband transmission systems, “First Report
and Order, ET Docket 98-153, FCC 02 – 48,” Adopted February 2002; Released:
April 2002.
[15] R. Cicchetti, E. Miozzi, and O. Testa, “Wideband and UWB Antennas for
Wireless Applications: A Comprehensive Review,” Int. J. Antennas Propag., vol.
2017, pp. 1–45, 2017, doi: 10.1155/2017/2390808.
[16] Y. Li, W. Li, Q. Ye, and R. Mittra, “A Survey of Planar Ultra-Wideband Antenna
Designs and Their Applications,” Forum for Electromagnetic Research Methods
and Application Technologies, vol. 1, 2014, pp.1- 16.
[17] O. Haraz and A.-R. Sebak, “UWB Antennas for Wireless Applications,” in
Advancement in Microstrip Antennas with Recent Applications, A. Kishk, Ed.
InTech, 2013.
[18] L.-C. Tsai, “A ultrawideband antenna with dual-band band-notch filters: TSAI,”
Microw. Opt. Technol. Lett., vol. 59, no. 8, pp. 1861–1866, Aug. 2017, doi:
10.1002/mop.30639.
[19] T. F. A. Nayna, A. K. M. Baki, and F. Ahmed, “Comparative Study of
Rectangular and Circular Microstrip Patch Antennas in X Band,” 1st
International Conference on Electrical Engineering and Information and
Communication Technology, ICEEICT 2014, 1-5,
doi: 10.1109/ICEEICT.2014.6919142 .
[20] T. Saeidi, I. Ismail, W. P. Wen, A. R. H. Alhawari, and A. Mohammadi, “UltraWideband Antennas for Wireless Communication Applications,” Int. J. Antennas
Propag., vol. 2019, pp. 1–25, Apr. 2019, doi: 10.1155/2019/7918765.
[21] D. Guha, “Resonant frequency of circular microstrip antennas with and without
air gaps,” IEEE Trans. Antennas Propag., vol. 49, no. 1, pp. 55–59, Jan. 2001,
doi: 10.1109/8.910530.
[22] V. Saidulu, “Comparison Analysis of Rectangular and Circular Patch Microstrip
Antennas with Dielectric Superstrates, ” International Journal of Microwaves
Applications, Volume 2, No.5, 2013. pp. 125–134, 2013.
[23] P. K. Rao, K. Jyoti Singh, and R. Mishra, “A Circular Shaped Microstrip patch
Antenna for Bluetooth/Wi-Fi/UWB/X-band Applications,” in 2018 International
Conference on Power Energy, Environment and Intelligent Control (PEEIC),
Greater
Noida,
India,
Apr.
2018,
pp.
638–641,
doi:
10.1109/PEEIC.2018.8665602.
[24] K. J. Singh and R. Mishra, “Design of A Circular Microstrip Patch Antenna with
Single Band Notch Characteristic for UWB Applications,” in 2017 IEEE
International WIE Conference on Electrical and Computer Engineering
(WIECON-ECE), Dehradun, Dec. 2017, pp. 262–265, doi: 10.1109/WIECONECE.2017.8468902.

66
[25] K. M. J. Singh and R. Mishra, “A Circular Microstrip Patch Antenna with Dual
Band Notch Characteristics for UWB Applications,” in 2018 International
Conference on Power Energy, Environment and Intelligent Control (PEEIC),
Greater
Noida,
India,
Apr.
2018,
pp.
153–156,
doi:
10.1109/PEEIC.2018.8665478.
[26] K. M. J. Singh and R. Mishra, “A Circular UWB Antenna with Multi Band
Notched Characteristics for UWB Applications,” in 2018 3rd International
Conference On Internet of Things: Smart Innovation and Usages (IoT-SIU),
Bhimtal, Feb. 2018, pp. 1–4, doi: 10.1109/IoT-SIU.2018.8519894.
[27] K. Anusudha and M. Karmugil, “Design of circular microstip patch antenna for
ultra wide band applications,” in 2016 International Conference on Control,
Instrumentation, Communication and Computational Technologies (ICCICCT),
Kumaracoil,
India,
Dec.
2016,
pp.
304–308,
doi:
10.1109/ICCICCT.2016.7987964.
[28] I. Acharya, A. S. Chauhan, and M. Sameer, “A novel microstrip fed circular patch
antenna with band notches for Bluetooth/UWB/X-band and Ku band
applications,” in 2015 Global Conference on Communication Technologies
(GCCT), Thuckalay, Kanya kumari district, India, Apr. 2015, pp. 311–316, doi:
10.1109/GCCT.2015.7342674.
[29] P. Jain, B. Singh, S. Yadav, A. Verma, and Mohd. Zayed, “A novel compact
circular slotted microstrip-fed antenna for UWB application,” in 2015
Communication, Control and Intelligent Systems (CCIS), Mathura, India, Nov.
2015, pp. 22–24, doi: 10.1109/CCIntelS.2015.7437869.
[30] J. Gielis, “A generic geometric transformation that unifies a wide range of natural
and abstract shapes,” Am. J. Bot., vol. 90, no. 3, pp. 333–338, Mar. 2003, doi:
10.3732/ajb.90.3.333.
[31] A. A. Omar, “Design of ultrawideband coplanar waveguide-fed koch-fractal
triangular antenna: Ultrawideband CPW Fractal Antenna,” Int. J. RF Microw.
Comput.-Aided Eng., vol. 23, no. 2, pp. 200–207, Mar. 2013, doi:
10.1002/mmce.20665.
[32] A. Omar et al., “Compact design of UWB CPW-fed-patch antenna using the
superformula,” in 2016 5th International Conference on Electronic Devices,
Systems and Applications (ICEDSA), Ras Al Khaimah, Dec. 2016, pp. 1–4, doi:
10.1109/ICEDSA.2016.7818482.
[33] A. A. Omar, S. Naser, M. I. Hussein, N. I. Dib, and M. W. Rashad,
“Superformula-Based Compact UWB CPW-Fed-Patch Antenna With and
Without Dual Frequency Notches,” vol. 32, no. 11, p. 979-986, 2017.
[34] S. Kaur, J. Kaur, and M. Sandhu, “Antenna Diversity Techniques,” vol. 3, no. 4,
p. 5, 2016. doi: 10.17148/IARJSET.2016.3441
[35] K. Srivastava, B. K. Kanaujia, S. Dwari, S. Kumar, and T. Khan, “3D cuboidal
design MIMO/diversity antenna with band notched characteristics,” AEU - Int. J.
Electron. Commun., vol. 108, pp. 141–147, Aug. 2019, doi:
10.1016/j.aeue.2019.06.018.

67
[36] S. Mishra, S. Das, S. S. Pattnaik, S. Kumar, and B. K. Kanaujia, “Three‐
dimensional cylindrical design multiple‐input‐multiple‐output/diversity antenna
with high isolation for wireless communication applications,” Int. J. RF Microw.
Comput.-Aided Eng., vol. 30, no. 1, Jan. 2020, doi: 10.1002/mmce.22001.
[37] J. Mietzner et al., “Compact 3D MIMO radar — Antenna array design and
experimental results,” in 2017 European Radar Conference (EURAD),
Nuremberg, Oct. 2017, pp. 130–133, doi: 10.23919/EURAD.2017.8249164.
[38] A. K. Brown, M. F. Shafique, R. Saleem, and S. I. Jafri, “Compact reconfigurable
multiple-input-multiple-output antenna for ultra wideband applications,” IET
Microw. Antennas Propag., vol. 10, no. 4, pp. 413–419, Mar. 2016, doi:
10.1049/iet-map.2015.0181.
[39] A. Shaikh, A. K. Brown, R. Saleem, and M. F. Shafique, “Reconfigurable dualport UWB diversity antenna with high port isolation,” Electron. Lett., vol. 50, no.
11, pp. 786–788, May 2014, doi: 10.1049/el.2014.0582.
[40] J. Kim, J. Ju, S. Eom, M. Song, and N. Kim, “Four-channel MIMO antenna for
WLAN using hybrid structure,” Electronics Letters. 49, pp. 857-858.
doi:10.1049/el.2013.0994.
[41] B. Wu and K.-M. Luk, “A 4-Port Diversity Antenna With High Isolation for
Mobile Communications,” IEEE Trans. Antennas Propag., vol. 59, no. 5, pp.
1660–1667, May 2011, doi: 10.1109/TAP.2011.2123060.
[42] T. Shabbir, R. Saleem, S. S. Al-Bawri, M. F. Shafique, and M. T. Islam, “EightPort Metamaterial Loaded UWB-MIMO Antenna System for 3D System-inPackage Applications,” IEEE Access, vol. 8, pp. 106982–106992, 2020, doi:
10.1109/ACCESS.2020.3000134.
[43] M. Bilal, R. Saleem, Hammad. H. Abbasi, M. F. Shafique, and A. K. Brown, “An
FSS-Based Nonplanar Quad-Element UWB-MIMO Antenna System,” IEEE
Antennas Wirel. Propag. Lett., vol. 16, pp. 987–990, 2017, doi:
10.1109/LAWP.2016.2615884.
[44] Autizi, E. & Khan, Muhammad & Rigobello, Francesco & Cappobianco, AD &
Shubair, Raed. (2018). Compact 3-D eight elements UWB-MIMO array.
Microwave and Optical Technology Letters. 60. 10.1002/mop.31286.
[45] M. S. Khan, A. Iftikhar, R. M. Shubair, A.-D. Capobianco, B. D. Braaten, and D.
E. Anagnostou, “Ultra-Wideband Antenna with MIMO Diversity for 5G
Wireless Communication,” IEEE Open J. Antennas Propag., pp. 1–25, 2020, doi:
10.1109/OJAP.2020.2991522.
[46] S. K. Palaniswamy, Y. P. Selvam, M. G. N. Alsath, M. Kanagasabai, S. Kingsly,
and S. Subbaraj, “3-D Eight-Port Ultrawideband Antenna Array for Diversity
Applications,” IEEE Antennas Wirel. Propag. Lett., vol. 16, pp. 569–572, 2017,
doi: 10.1109/LAWP.2016.2590144.
[47] G. Das, N. K. Sahu, A. Sharma, R. K. Gangwar, and M. S. Sharawi, “Dielectric
Resonator Based 4-Element 8-Port MIMO Antenna with Multi-directional
Pattern Diversity,” IET Microwaves Antennas & Propagation. 13. doi:
10.1049/iet-map.2018.5081.

68
[48] X. Chen, S. Zhang, and Q. Li, “A Review of Mutual Coupling in MIMO
Systems,” IEEE Access, vol. 6, pp. 24706–24719, 2018, doi:
10.1109/ACCESS.2018.2830653.
[49] H. Singh, H. L. Sneha, and R. M. Jha, “Mutual Coupling in Phased Arrays: A
Review,” Int. J. Antennas Propag., vol. 2013, pp. 1–23, 2013, doi:
10.1155/2013/348123.
[50] L. Savy and M. Lesturgie, “Coupling effects in MIMO phased array,” in 2016
IEEE Radar Conference (RadarConf), Philadelphia, PA, USA, May 2016, pp. 1–
6, doi: 10.1109/RADAR.2016.7485179.
[51] S.-C. Chen, Y.-S. Wang, and S.-J. Chung, “A Decoupling Technique for
Increasing the Port Isolation Between Two Strongly Coupled Antennas,” IEEE
Trans. Antennas Propag., vol. 56, no. 12, pp. 3650–3658, Dec. 2008, doi:
10.1109/TAP.2008.2005469.
[52] A. H. Radhi, R. Nilavalan, Y. Wang, H. S. Al-Raweshidy, A. A. Eltokhy, and N.
Ab Aziz, “Mutual coupling reduction with a wideband planar decoupling
structure for UWB–MIMO antennas,” Int. J. Microw. Wirel. Technol., vol. 10,
no. 10, pp. 1143–1154, Dec. 2018, doi: 10.1017/S1759078718001010.
[53] A. Boukarkar, X. Q. Lin, Y. Jiang, L. Y. Nie, P. Mei, and Y. Q. Yu, “A
Miniaturized Extremely Close-Spaced Four-Element Dual-Band MIMO Antenna
System With Polarization and Pattern Diversity,” IEEE Antennas Wirel. Propag.
Lett., vol. 17, no. 1, pp. 134–137, Jan. 2018, doi: 10.1109/LAWP.2017.2777839.
[54] H. Yon, M. A. Aris, N. H. Abd Rahman, N. A. M. Nasir, and H. Jumaat, “A
Design of Decoupling Structure MIMO Antenna for Mutual Coupling Reduction
in 5G Application,” in 2019 International Symposium on Antennas and
Propagation (ISAP), Oct. 2019, pp. 1–3.
[55] He Huang, Ying Liu, and Shuxi Gong, “A novel uniplanar differentially-fed
UWB polarization diversity antenna with dual notch bands,” in 2015 9th
European Conference on Antennas and Propagation (EuCAP), Apr. 2015, pp. 1–
4.
[56] G. Srivastava and A. Mohan, “Compact MIMO Slot Antenna for UWB
Applications,” IEEE Antennas Wirel. Propag. Lett., vol. 15, pp. 1057–1060,
2016, doi: 10.1109/LAWP.2015.2491968.
[57] A.-D. Capobianco, B. D. Braaten, A. Naqvi, B. Ijaz, M. S. Khan, and S. Asif,
“Planar, compact ultra-wideband polarisation diversity antenna array,” IET
Microw. Antennas Propag., vol. 9, no. 15, pp. 1761–1768, Dec. 2015, doi:
10.1049/iet-map.2015.0371.
[58] A. Sharma, K. P. Kalaskar, and D. J. R. Gangane, “Analysis of MIMO Antennas
with Parasitic Elements for Wireless Applications,” IEEE Int. Conf. Comput.
Intell. Comput. Res., p. 4, 2016.
[59] S. P. Biswal and S. Das, “Mutual coupling reduction of a printed dual element
antenna system using a parasitic scatter,” in 2018 IEEE International Symposium
on Antennas and Propagation & USNC/URSI National Radio Science Meeting,

69

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]
[71]

Boston,
MA,
Jul.
2018,
pp.
1375–1376,
doi:
10.1109/APUSNCURSINRSM.2018.8608882.
Yumpu.com, “An Introduction to Defected Ground Structures in Microstrip
Circuits,” yumpu.com. accessed from
https://www.yumpu.com/en/document/read/36649359/an-introduction-todefected-ground-structures-in-microstrip-circuits (accessed Oct. 05, 2020).
E. Fritz-Andrade, A. Perez-Miguel, R. Gomez-Villanueva, and H. JardonAguilar, “Characteristic mode analysis applied to reduce the mutual coupling of
a four-element patch MIMO antenna using a defected ground structure,”
Antennas Propag. IET Microw., vol. 14, no. 2, pp. 215–226, 2020, doi:
10.1049/iet-map.2019.0570.
Z. L. Zhang, K. Wei, J. Xie, J. Y. Li, and L. Wang, “The MIMO Antenna Array
with Mutual Coupling Reduction and Cross-polarization Suppression by
Defected Ground Structures,” Radioengineering, vol. 27, no. 4, pp. 969–975,
Sep. 2018, doi: 10.13164/re.2018.0969.
R. L. Shao, Y. J. Zhou, L. Yang, Y. J. Zhou, and C. Tan, “Compact meander-slot
DGS for MIMO antenna with high isolation,” in 2018 International Workshop
on Antenna Technology (iWAT), Nanjing, Mar. 2018, pp. 1–3, doi:
10.1109/IWAT.2018.8379193.
A. Christina Josephine Malathi and D. Thiripurasundari, “Review on Isolation
Techniques in MIMO Antenna Systems,” Indian J. Sci. Technol., vol. 9, no. 35,
Sep. 2016, doi: 10.17485/ijst/2016/v9i35/96704.
S. Zhang and G. F. Pedersen, “Mutual Coupling Reduction for UWB MIMO
Antennas With a Wideband Neutralization Line,” IEEE Antennas Wirel. Propag.
Lett., vol. 15, pp. 166–169, 2016, doi: 10.1109/LAWP.2015.2435992.
Y. Yu, X. Liu, Z. Gu, and L. Yi, “A compact printed monopole array with
neutralization line for UWB applications,” in 2016 IEEE International
Symposium on Antennas and Propagation (APSURSI), Fajardo, PR, USA, Jun.
2016, pp. 1779–1780, doi: 10.1109/APS.2016.7696596.
M. M. Bait-Suwailam, “Electromagnetic Field Interaction with Metamaterials,”
in Electromagnetic Fields and Waves, K. Ho Yeap and K. Hirasawa, Eds.
IntechOpen, 2019.
R. G. S. Alsultan and G. Ögücü Yetkin, “Mutual Coupling Reduction of EShaped MIMO Antenna with Matrix of C-Shaped Resonators,” Int. J. Antennas
Propag., vol. 2018, pp. 1–13, 2018, doi: 10.1155/2018/4814176.
Hoefflinger, Bernd. (2020). IRDS—International Roadmap for Devices and
Systems, Rebooting Computing, S3S. doi: 10.1007/978-3-030-18338-7_2.
Paul Bourke,“Supershapes / SuperFormula.” accessed from
http://paulbourke.net/geometry/supershape/ (accessed Oct. 29, 2020).
H. Niu, J. Wu, and Z. Wang, “Design of a Novel Broadband Microstrip LineSuspended Microstrip Line Transition Circuit,” J. Phys. Conf. Ser., vol. 1325, p.
012167, Oct. 2019, doi: 10.1088/1742-6596/1325/1/012167.

70
[72] E. Guo, J. Liu, and Y. Long, “A Mode-Superposed Microstrip Patch Antenna and
Its Yagi Array With High Front-to-Back Ratio,” IEEE Trans. Antennas Propag.,
vol. 65, no. 12, pp. 7328–7333, Dec. 2017, doi: 10.1109/TAP.2017.2759962.
[73] A. Dastranj and H. Abiri, “Bandwidth Enhancement of Printed E-Shaped Slot
Antennas Fed by CPW and Microstrip Line,” IEEE Trans. Antennas Propag.,
vol. 58, no. 4, pp. 1402–1407, Apr. 2010, doi: 10.1109/TAP.2010.2041164.
[74] D. M. Pozar, Microwave engineering, 3rd ed. Hoboken, NJ: J. Wiley, 2005.
[75] C. A. Balanis, Antenna theory: analysis and design, 3rd ed. Hoboken, NJ: John
Wiley, 2005.
[76] Z. N. Chen and M. Y. W. Chia, Broadband Planar Antennas: Design and
Applications. Chichester, UK: John Wiley & Sons, Ltd, 2005.
[77] M. Elhabchi, M. N. Srifi, and R. Touahni, “Bandwidth Enhancement of
Trapezoid Antenna Using an Open F-rotated and I-shaped Slots Defected Ground
Structures (DGS),” in 2019 International Symposium on Advanced Electrical and
Communication Technologies (ISAECT), Rome, Italy, Nov. 2019, pp. 1–4, doi:
10.1109/ISAECT47714.2019.9069735.
[78] S. Baudha, A. Basak, M. Manocha, and M. V. Yadav, “A compact planar antenna
with extended patch and truncated ground plane for ultra wide band application,”
Microw. Opt. Technol. Lett., vol. 62, no. 1, pp. 200–209, Jan. 2020, doi:
10.1002/mop.31988.
[79] N. Prombutr, P. Kirawanich, and P. Akkaraekthalin, “Bandwidth Increasing
Technique Using Modified Ground Plane with Diagonal Edges,” IETE J. Res.,
vol. 55, no. 5, p. 196, 2009, doi: 10.4103/0377-2063.57594.
[80] D.-H. Kwon, “Effect of Antenna Gain and Group Delay Variations on PulsePreserving Capabilities of Ultrawideband Antennas,” IEEE Trans. ANTENNAS
Propag., vol. 54, no. 8, p. 2208 - 2215, 2006. doi: 10.1109/TAP.2006.879189
[81] Numan, Ahmad B., Sharawi, Mohammad S “Extraction of Material Parameters
for Metamaterials Using a Full-Wave Simulator,” IEEE Antennas Propag. Mag.,
vol. 55, no. 5, p. 201-211, 2013. doi: 10.1109/MAP.2013.6735515
[82] W. Withayachumnankul, C. Fumeaux, and D. Abbott, “Compact electric-LC
resonators for metamaterials,” Opt. Express, vol. 18, no. 25, p. 25912, Dec. 2010,
doi: 10.1364/OE.18.025912.
[83] M. Ullah, M. Islam, and M. Faruque, “A Near-Zero Refractive Index MetaSurface Structure for Antenna Performance Improvement,” Materials, vol. 6, no.
11, pp. 5058–5068, Nov. 2013, doi: 10.3390/ma6115058.
[84] S. Zhang and D. Wang, “S parameters six- point method of calculating the
coupling coefficient between resonators,” in Proceedings of the 9th International
Symposium on Antennas, Propagation and EM Theory, Guangzhou, China, Nov.
2010, pp. 987–990, doi: 10.1109/ISAPE.2010.5696639.
[85] J. Nasir, Mohd. Jamaluddin, A. Ahmad Khan, M. Kamarudin, C. Y. Leow, and
O. Owais, “Throughput Measurement of a Dual-Band MIMO Rectangular
Dielectric Resonator Antenna for LTE Applications,” Sensors, vol. 17, no. 12, p.
148, Jan. 2017, doi: 10.3390/s17010148.

71
[86] Y. K. Choukiker, S. K. Sharma, and S. K. Behera, “Hybrid Fractal Shape Planar
Monopole Antenna Covering Multiband Wireless Communications With MIMO
Implementation for Handheld Mobile Devices,” IEEE Trans. Antennas Propag.,
vol. 62, no. 3, pp. 1483–1488, Mar. 2014, doi: 10.1109/TAP.2013.2295213.
[87] E. Fritz‐Andrade, H. Jardon‐Aguilar, and J. A. Tirado‐Mendez, “The correct
application of total active reflection coefficient to evaluate MIMO antenna
systems and its generalization to N ports,” Int. J. RF Microw. Comput.-Aided
Eng., vol. 30, no. 4, Apr. 2020, doi: 10.1002/mmce.22113.
[88] M. S. Khan, A.-D. Capobianco, M. F. Shafique, B. Ijaz, A. Naqvi, and B. D.
Braaten, “Isolation enhancement of a wideband MIMO antenna using floating
parasitic elements,” Microw. Opt. Technol. Lett., vol. 57, no. 7, pp. 1677–1682,
Jul. 2015, doi: 10.1002/mop.29162.
[89] K. Srivastava, B. K. Kanaujia, S. Dwari, S. Kumar, and T. Khan, “3D cuboidal
design MIMO/diversity antenna with band notched characteristics,” AEU - Int. J.
Electron. Commun., vol. 108, pp. 141–147, Aug. 2019, doi:
10.1016/j.aeue.2019.06.018.

Digitally signed by
Shrieen
DN: cn=Shrieen,
o=United Arab Emirates
University, ou=UAEU
Library Digitizatio,
email=shrieen@uaeu.ac.
ae, c=AE
Date: 2021.01.24
12:19:18 +04'00'

